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III. Abstract
Eukaryotic cells depend on the vesicle-mediated uptake of material from the
extracellular environment. Such cargo subsequently enters the endocytic membrane system,
which comprises a functionally interconnected network of endosomal compartments. As each
class of endosomes provides a unique biochemical environment, individual cargoes can be
selectively processed via differential routing through the endosomal system. The
establishment and maintenance of such diverse compartments in face of the high rates of
exchange between them, poses a major challenge for obtaining a molecular understanding of
the endocytic system. Rab-GTPases have emerged as architectural key element thereof:
Individual family members localize selectively to endosomal compartments, where they
recruit a multitude of cytoplasmic effector proteins and coordinate them into membrane sub-
domains. Such "Rab-domains" constitute modules of molecular membrane identity, which
pattern the endocytic membrane system into a mosaic of Rab-domains. The main objective of
this thesis research was to link such "static" mosaic-view with the highly dynamic nature of
the endosomal system. In particular, the following questions were addressed:
How are neighbouring Rab-domains coordinated?
Are Rab-domains stable over time or can they undergo assembly and disassembly?
Are the dynamics of Rab-domains utilized in transport along the endocytic pathway?
The first part of this thesis research focused on the organization of Rab-domains in the
recycling pathway, attempting to define the exit point of recycling cargo to the cell surface.
Utilizing Total Internal Reflection (TIRF) microscopy to visualize the fusion of reycling
carriers with the cell surface, Rab11-, but neither Rab4- nor Rab5-positive vesicles were
observed to fuse with the plasma membrane. Rab4-positive membranes, however, could be
induced to fuse in presence of Brefeldin A. Thus, these experiments complete the view of the
recycling pathway by the following steps: a) Rab11-carriers likely mediate the return of
recycling cargo to the surface; b) such carriers are presumably generated in an Arf-dependent
fission reaction from Rab4-positive compartments. Rab11-chromatography was subsequently
carried out in the hope of identifying Rab11-effectors functioning at the Rab4-Rab11 domain
interface. Amongst other novel Rab11-interactors, an as yet uncharacterized ubiquitin ligase
5
was identified, which selectively interacts with both Rab4 and Rab11. Contrary to
expectations, however, the protein (termed RUL for Rab interacting Ubiquitin Ligase) does
not function in recycling, but appears to mediate trafficking between Golgi/TGN and
endosomes instead.
In order to address the dynamics of Rab-domains, fluorescently tagged Rab-GTPases
were imaged during cargo transport reactions in living cells. Such approach required the
development of suitable high-speed/long-term imaging procedures, as well as the generation
of novel computational tools for the analysis thereof (carried out in collaboration with Dr.
Yannis Kalaidzidis). First, such methodology was applied to the analysis of Rab5-positive
early endosomes, showing that a) The amount of Rab5 associated with individual endosomes
fluctuates strongly over time; b) such fluctuations can lead to the "catastrophic" loss of the
Rab5-machinery from membranes; c) Rab5 catastrophe is likely part of a functional cycle of
early endosomes, involving net centripetal motility, continuous growth and increase in Rab5
density. Next, the relevance of Rab5 catastrophe with respect to cargo transfer into either the
recycling- or degradative pathway was examined. Recycling cargo (transferrin) could be
observed to exit Rab5-positive early endosomes via the frequent budding of tubular exit
carriers. Further, such exit carriers are likely generated by the repeated budding of Rab-
domains from Rab5-positive endosomes. Exit of degradative cargo (LDL) from Rab5-positive
early endosomes, in contrast, did not involve budding, but the rapid loss of Rab5 from the
limiting membrane. Rab5-loss was further coordinated with the concomitant acquisition of
Rab7, suggesting "Rab conversion" as mechanism of transport between early- and late
endosomes.
Altogether, therefore, this thesis research has shown that first, Rab-machineries can be
acquired and lost from membranes. Second, such dynamics provide a molecular mechanism
for cargo exchange between endosomal compartments. Jointly, these findings lead to the
concept of Rab-domain dynamics modulation in trans between neighbouring domains as
mechanistic principle behind the dynamic organization of membrane trafficking pathways.
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Figure I: Endocytic Trafficking in Mammalian Cells
Figure 1: Organelles and transport routes in mammalian endocytic and exocytic trafficking. 1: 
Most cargo taken up from the plasma membrane (PM) traverses early endosomes. Early endosomes 
sort recycling cargo from molecules destined for degradation. The slightly acidic pH of EE (pH 6.2-
6.8, Gruenberg and Maxfield, 1995) is instrumental in this process (see section “sorting by general 
physical principles). Recycling likely occurs both by a fast, direct pathway as well as by a slower 
route via the perinuclear recycling endosome (2), (both routes are indicated by arrows). Cargo 
destined for degradation is transferred to late endosomes (3) rich in internal membrane vesicles 
(therefore also referred to as multivesicular bodies, MVBs). The pH of late endosomes is between 5 
and 6. The arrow connecting LE and Golgi apparatus indicates the transport route whereby cargo 
receptors are salvaged from degradation. LE eventually fuse with Lysosomes (4), the terminal 
compartment of the degradative pathway. In their highly acidic (pH 4.5-5.5), hydrolase-rich 
environment, cargo molecules are degraded into their basic constituents. The biosynthetic pathway, 
comprise the membranes of the Endoplasmic reticulum (ER, 5) and Golgi apparatus (6). Exocytic 
cargo is transported from ER via the Golgi to the PM. In addition, various pathways connect the 
Golgi apparatus with endocytic compartments. The arrows shown are indications only, given that 
the exact pathways are ill-defined on the molecular level. Recent evidence also suggests a transport 
route between TGN and recycling endosomes (marked with ?). 
Several mechanisms mediate cargo uptake at the PM: 7: Caveolae. Caveolar endocytosis is 
involved in a range of processes from receptor downregulation to cholesterol transport 
and transcytosis (Pelkmans and Helenius, 2003; van Deurs et al., 2003). Caveolae appear as 
flask-shaped invaginations in the PM, stabilized by the protein caveolin, which can detach to 
deliver their cargo to intracellular organelles. A major target is the caveosome, but some cargo 
is also delivered to EE in transient fusion events. 8: Clathrin Coated Vesicles (CCVs) mediate 
the uptake of a wide range of cargo proteins into EE, including nutrient- and signalling 
receptors (Conner and Schmid, 2003). The major assembly stages of CCVs are drawn (coat 
nucleation, coated pit invagination, scission). 9: Non-clathrin, non-caveolin dependent uptake 
routes: Possibly several independent mechanisms, often operationally defined as being dynamin 
independent (Johannes and Lamaze, 2002). 10: Macropinocytosis, which allows the uptake of 
large volumes of extracellular fluid via enclosure by actin-dependent plasma membrane-ruffles. 
The resulting macropinosomes are either regurgitated or fuse with early endosomes (Amyere et 
al., 2002; Watts, 1997). 11: Phagocytosis, the mechanism by which specialized scavenger cells 
internalize foreign pathogens or apoptotic cell debris. Phagocytic cargo is enclosed into 
“phagosomes” in a process requiring actin-dependent rearrangement of the PM. Phagocytic 
cargo is processed via phagosome maturation, whereby sequential fusion with early endosomes, 
late endosomes and lysosomes gradually remodel the internal environment of the phagosome. 
The eventually resulting phago-lysosome hybrid organelle carries out the degradation of 
phagocytic cargo.
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V. Introduction
V.1: Preface
Life can be defined as self-maintaining, self-replicating biochemical system within the
protective envelope of a lipid bilayer. Life is critically dependent on the barrier function of the
membrane: Breaching it dissipates system components and the non-equilibrium state with the
surroundings, the latter of which is the thermodynamic spelling of death. On the other hand,
such barrier must not be insurmountable: The extracellular environment is the source of
nutrients and, in multicellular organisms, also supplies a myriad of signals orchestrating
individual cells into the higher-order units of tissues and organs. Two principal mechanisms
have evolved to overcome such dichotomy between barrier- and permeability requirements of
the membrane: First, highly selective proteinaceous transmembrane channels, which govern
the exchange of small molecules (i.e., ions and amino acids) across the membrane. Second:
Inward-budding of vesicles from the plasma membrane, which permits the uptake of
molecules too big for selectively permeable channels (i.e., peptide hormones or nutrient
receptors). However, such vesicle-mediated uptake comes at a price: To maintain the barrier,
all subsequent processing of vesicular content has to occur within the confinement of
endomembranes. Endosomes carry out such processing in eukaryotic cells.
V.2: Endosomal Compartments
The term "endosomes" was first coined by Helenius and Mellman (Helenius et al.,
1983) and refers to a group of pleiomorphic organelles, functionally interconnected into a
complex endomembrane network (See Fig. 1, reviewed in Conner and Schmid, 2003;
Gruenberg and Maxfield, 1995; Maxfield and McGraw, 2004; Mellman, 1996). Endosomal
sub-compartments differ in their molecular composition and physical properties (Gagescu et
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al., 2000; Schmid et al., 1988; Yamashiro et al., 1984), allowing individual sub-compartments
to carry out distinct functions. This aspect is of central importance, as it allows differential
processing of cargo via selective routing through the endosomal network.
Early endosomes (EE) function as entry portal into the system (1): Different vesicular
uptake pathways from the plasma membrane converge here, making early endosomes a
common way station of most endocytosed molecules (Nichols and Lippincott-Schwartz, 2001;
Pelkmans et al., 2004; Schnatwinkel et al., 2004). From EE onwards, the trafficking itineraries
of cargo molecules split into two major branches: A: The recycling pathway, which, via
recycling endosomes (2), provides a return route to the plasma membrane (Dunn et al., 1989;
Hopkins et al., 1994; Yamashiro et al., 1984). B: The degradative pathway, which after
traversing late endosomes (3), terminates in the highly acidic, hydrolase-rich environment of
lysosomes ((4), Baenziger and Fiete, 1986; Griffiths et al., 1989; Luzio et al., 2000; Schmid et
al., 1988; Wall and Hubbard, 1985; Wall et al., 1980). Lysosomes degrade delivered cargo
into its basic constituents (Kornfeld and Mellman, 1989). Cargo internalized by Phagocytosis
(11), a specialized uptake pathway for very large particles (bacterial pathogens, apoptotic cell
debris) traverses the different environments of endosomal compartments indirectly by a
phagosome maturation mechanism (Desjardins and Griffiths, 2003; Vieira et al., 2002). Here,
the phagosome (the membrane vesicle enclosing the phagocytic cargo) is gradually
remodelled by sequential fusion events with the endosomal compartments along the
degradative pathway, until a "phago-lysosome" hybrid organelle eventually degrades the
phagocytosed material (Desjardins et al., 1994; Desjardins et al., 1997). Multiple pathways
connect the endocytic system with endomembrane system of the biosynthetic pathway (Ghosh
et al., 2003; Lombardi et al., 1993; Pfeffer, 2001a; Rouille et al., 2000). These organelles,
comprising the Endoplasmic Reticulum ((5), henceforth referred to as ER) and the Golgi-
apparatus (6), carry out the synthesis and targeting of membrane constituents and are thus of
central importance to the function of the endosomal system.
V.3: Conceptual Challenge of Vesicle Trafficking
Understanding how, on the molecular level, such complex network is built, has been a
major focus of cell biological research over the last 30 years. Yeast genetics and molecular
biology techniques have synergized in identifying a plethora of molecular machinery
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components (Hirst and Robinson, 1998; Mellman and Warren, 2000; Schekman and Novick,
2004; Sollner et al., 1993b; Zerial and McBride, 2001). Their subsequent characterization has
by now provided detailed insights into specific aspects of membrane trafficking, for example
cargo sorting or membrane fusion (see below). However, the highly dynamic nature of the
endosomal network sparks a whole range of further questions: How are the individual
machineries coordinated in space and time? What, on the molecular level, distinguishes an
early endosome from a late endosome? And how can such molecular membrane identity be
maintained in face of the equalizing tendencies of constant exchange between individual
compartments? These questions still remain largely elusive.
A key concept with respect to the above paradigm is vesicular transport. This model,
introduced by Palade and co-workers in 1975 (Palade, 1975), envisaged small transport
containers, loaded with specific cargo molecules, budding from donor compartments and
subsequently fusing with specific acceptor compartments. Because of its importance as
guiding paradigm in membrane trafficking research over the last 30 years, an overview of the
core machinery of vesicular transport will first be provided in the following. Thereafter, I will
review principles contributing to the selective localization of such machinery, underlying
molecular compartment identity. Finally, I will briefly discuss the specific implications of
molecular compartment identity to cargo transport through early endosomes.
V.4: Core machinery of vesicular transport
Vesicular transport involves three mechanistic key steps:
1: Budding and scission of a transport vesicle from the donor compartment.
2: Mechanisms for selective cargo incorporation.
3: Selective targeting to and fusion with the acceptor compartment.
V.4.1: Coated vesicle formation
Lipid bilayers possess mechanical stiffness, intrinsically resisting deformation
(Zimmerberg et al., 1993). Hence vesiculation of a big membrane structure into smaller
vesicles is non-spontaneous under physiological conditions. Eukaryotic cells have evolved a
Figure 2: Coated Vesicle Formation
Membrane
A: Nucleation C: Coated Pit InvaginationB: Coated Pit Formation
F: Uncoated VesicleE: Uncoating D: Fission
Dynamin Clathrin Adaptor ComplexMembrane Cargo
Figure 2: Schematic representation of Clathrin Coated Vesicle (CCV) budding (after Mousavi et al., 2004). 
A: Nucleation: Initial recruitment of machinery components from the cytosol onto the future bud site. As 
depicted, adaptors are presumed to be recruited before clathrin, but the exact sequence of events is 
unknown. Multiple targeting cues synergize in bud site specification, including PtdIns(4,5)P2, cargo 
molecules as well as integral membrane proteins (not shown). B: Coated pit formation: The recruitment of 
clathrin triskelia from the cytosol is paralleled by local membrane deformation at the bud site, giving rise 
to a coated pit. The latter traps cargo molecules diffusing in from adjacent membrane domains. C: Coated 
pit invagination: The joint effects of continued clathrin coat polymerization and associated membrane-
deforming proteins gradually increase the invagination of the pit, until only a thin stalk connects the 
nascent vesicle to the plasma membrane. Stalk formation requires the self-assembly of the large GTPase 
dynamin into a helical polymer. D: Fission: Severing of the stalk in a process requiring GTP-hydrolysis by 
dynamin and possibly localized alterations of the bilayer composition (not shown), leading to release of the 
vesicle into the cytosol. E: Uncoating: De-polymerization of the clathrin coat, involving PtdInsP-
hydrolysis and accessory cytoplasmic factors (auxilin and Hsp70, not shown). The uncoated vesicle (F) is 
competent to fuse with early endosomes.
12
number of machineries to catalyze such budding of small vesicles from large membrane
structures and all operate by a common principle: A proteinaceous coat is assembled on the
membrane. Its polymerization drives the deformation of the membrane and eventually
culminates in the release of a vesicle. Thereafter, the coat is disassembled and recycled, and
the enclosed vesicle is freed to fuse with an acceptor compartment. The generalized scheme of
events is outlined in Fig. 2.
At least three highly conserved coat complexes exist in eukaryotic cells: CopI
(Malhotra et al., 1989), CopII (Barlowe et al., 1994; Hicke et al., 1992; Salama et al., 1993)
and Clathrin (Pearse, 1975). A further coat complex is the so-called retromer complex,
comprising the yeast proteins Vps5, -17, -26, -29, -30 and -35 (Pfeffer, 2001a; Seaman et al.,
1998). CopI and CopII machineries mediate trafficking steps at the ER and Golgi complex,
the retromer complex mediates endosome to Golgi trafficking and clathrin coated vesicles
(CCVs) are utilized on various trafficking route between plasma membrane, TGN and
endosomes. The Clathrin machinery will be discussed here as general paradigm for vesicular
transport.
V.4.1.1: Architecture of Clathrin Coated Vesicles (CCVs)
Clathrin consists of a heavy chain (HC, 180 kDa) and a light chain (LC, 35 kDa),
which are tightly associated (Pearse, 1978). In the cytoplasm of eukaryotic cells, such HC/LC
complexes exist as trimers (Pearse, 1978). These, also termed "triskelia” (Ungewickell and
Branton, 1981) for their geometrical arrangement (Fig. 3A, inset), constitute the basic
assembly unit of clathrin coats. The lateral assembly of triskelions results in closed three
dimensional arrays of hexagons and pentagons (Crowther and Pearse, 1981). Fig. 3B shows
the 21 Å resolution structure of such an "empty" clathrin coat (Smith et al., 1998). Although
purified clathrin HC/LC complexes are capable of polymerizing into coats in vitro (Keen et
al., 1979), they are not sufficient for formation of clathrin coated vesicles in vivo. A second
major constituent of clathrin coated vesicles are the so called adaptor proteins (Fig. 3B and C,
Pearse et al., 2000). The tetrameric adaptor complexes (reviewed in Hirst and Robinson, 1998;
Robinson and Bonifacino, 2001) are of central importance in coat assembly. They possess
binding sites both for clathrin and for membrane constituents, thereby linking the coat to the
membrane. Hence Clathrin coated vesicles are three-layered assemblies, the clathrin coat as
Figure 3: Clathrin and Adaptors
BA
D
Ear
Hinge
Head σ-subunit
µ-subunit
β-subunit
α, γ,δ or ε-subunit
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Heavy Chain
Light Chain
Figure 3: Clathrin and adaptor Complexes. A: Negatively stained transmission electronmicrograph 
of clathrin triskelia adsorbed to a solid support (taken from Crowther and Pearse, 1981). Such trimers of 
Clathrin heavy chain, each associated with a light chain, form the basic assembly unit of clathrin 
coats (inset). B: 21Å-resolution structure of an “empty” clathrin coat, obtained by cryo-electron 
microscopy ( taken from Smith et  al . ,  1998).  One clathrin tr iskel ion is  highlighted in purple.  
C: Schematic representation of Adaptor complexes (top). The molecular structure of AP-2 is shown 
be low,  t he  ind iv idua l  subun i t s  a re  co lor  coded  ( taken  f rom Rob inson ,  2004)                                                 .  
The structure of the flexible hinge domains is hypothetical. D: Coat proteins and trafficking 
pathways (taken from Robinson, 2004). For simplicity’s sake, only one type of endosome is shown. The 
dotted lines indicate pathways where there is still some question about directionality and/or the 
identity of the acceptor compartment: i.e. whether AP-1 is involved in TGN-to-endosome traffic, 
endosome-to-TGN traffic, or both; whether AP-3-coated vesicles deliver their cargo to a lysosome 
or to a late endosome; what AP-4 actually does; and whether GGAs and AP-2 act sequentially, on 
parallel pathways, or on opposite pathways. Abbreviations: ER, endoplasmic reticulum; Lys, 
lysosome; TGN, trans-Golgi network.
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the outermost layer surrounding a layer of adaptors, which, in turn, reside directly on the
membrane (Conner and Schmid, 2003). This arrangement places adaptors in an ideal position
for carrying out their second, essential function, namely the selection of cargo proteins into
the nascent vesicle. The regulated interplay between cargo, adaptors and coat components is a
further common principle of all coated vesicle formation machineries and ensures that no
"empty" vesicles are budded from compartments (Kirchhausen, 2000). The cargo sorting
process will be discussed in more detail in section III. A multitude of clathrin and/or adaptor
interacting proteins further modulates the function of the core machinery (discussed in Lafer,
2002; Slepnev and De Camilli, 2000).
V.4.1.2: Formation of CCVs
Formation of CCVs is generally assumed to be initiated by recruitment of the adaptor
proteins onto the donor membrane, which is aided by phosphoinositides (discussed in section
V.4 and reviewed in Brodsky et al., 2001). Cargo capturing and Vesicle formation are directly
coordinated. First, several lines of evidence indicate that cargo-bound AP-2 has a higher
affinity for clathrin. Such effects may form the mechanistic basis for a kinetic "proofreading"
mechanism, according to which nascent pits would undergo catastrophic disassembly unless
stabilized by cargo capture for further growth into a vesicle (Ehrlich et al., 2004). On the other
hand, signalling from clathrin to AP-2 is required for effective cargo binding: Efficient cargo
binding by µ-subunits requires activatory phosphorylation by AAK1 (Adaptor Associated
Kinase-1), which in turn is only maximally active when bound to clathrin. All together, these
mechanisms ensure the generation of transport containers with specific cargo contents. The
adaptors subsequently start to recruit clathrin from the cytosol, which initiates the coat
polymerization process. Concomitantly, the donor compartment membrane is deformed into a
pit. It is still a matter of debate whether the energy released by the polymerization of the
clathrin coat itself drives the membrane deformation, or whether the coat only provides a
stabilizing scaffold for the deformation induced by other proteins: The clathrin-accessory
protein epsin has been proposed to have this function (Ford et al., 2002). Epsin contains an
ENTH-domain, which is capable of inducing membrane deformation by partial insertion into
the lipid bilayer (Ford et al., 2002; Stahelin et al., 2003). Endophilin, a further protein
associated with clathrin coated pits, appears to induce membrane deformation via direct
modification of the membrane composition (see below).
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Coat assembly is thought to progress concomitantly with ever increasing membrane curvature,
until, eventually, a thin stalk represents the only connection between the donor membrane and
the nascent transport vesicle. Severing of such stalk is carried out by specialized fission
machinery.
V.4.1.3: Fission
Current data indicate that membrane fission events likely involve two mechanisms:
First, constriction- or stabilization of the thin stalk forming the last connection between two
membranes about to undergo fission. Second, localized modifications of the lipid bilayer
composition to facilitate formation of the highly curved intermediate stages of the reaction.
Dynamin, a large GTPase, is a central element of the fission reaction of CCVs (Chen et al.,
1991; van der Bliek and Meyerowitz, 1991; van der Bliek et al., 1993). Dynamin is recruited
to coated pits via interactions with clathrin accessory proteins (Grabs et al., 1997; Wang et al.,
1995). The actual mechanism of dynamin function is still an issue of considerable debate
(Sever, 2002).
According to one view, dynamin acts as a mechano-enzyme, harnessing the free
energy gradient associated with GTP hydrolysis (Stowell et al., 1999). Such "pinchase"
mechanism is based on dynamin's capacity to tubulate liposomes in vitro via self-assembly
into a helical polymer. The GTPase activity of dynamin is strongly stimulated in the polymer
state and GTP-hydrolysis results in increased helical pitch of the dynamin-polymer. The
associated stretching of the enclosed lipid tubule alone is sufficient to cause fission in vitro.
On the other hand, dynamin has been considered as a signalling GTPase (Sever et al., 1999),
in analogy to the function of other GTPases in membrane trafficking (see below).
Accordingly, GTP-bound dynamin would act as recruitment determinant for the actual fission
machinery. A candidate fission effector is endophilin (Ringstad et al., 1997).
The N-terminus of endophilin has acyltransferase activity, catalyzing the production of
phosphatidic acid via the transfer of arachidonate to lyso-phosphatidic acid (Schmidt et al.,
1999). Hereby, an inverted cone-shaped lipid (lyso-phosphatidic acid) is converted into a cone
shaped lipid (phosphatidic acid), the overall effect of which is the induction of negative
bilayer curvature (negative: bulging towards the cell interior). In addition, endophilin is
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capable of inducing membrane curvature independent of its acyltransferase activity (Farsad et
al., 2001). Both effects are likely required for the formation of the thin stalk, which precedes
the actual fission reaction. Local lipid bilayer modifications may be a general feature of
membrane fission reactions, since budding events from the TGN also appear to require an
acyltransferase, BARS (Weigert et al., 1999). In addition, the cytoskeleton has been
implicated in the fission process. The burst of actin polymerization often seen in conjunction
with the budding of clathrin coated vesicles from the surface (Merrifield et al., 2002) could
either directly exert mechanical force or do so indirectly by providing a scaffold for mechano-
enzymes of the Myosin family. The cytoskeleton likely has a central role in the generation and
fission of large, tubular transport carriers devoid of known coats (see below).
V.4.1.4: Uncoating
Following the scission reaction, the clathrin coat and adaptors are rapidly dissociated
from the transport vesicle in an uncoating reaction (reviewed in Lemmon, 2001). Coat
disassembly in general is an energy requiring process (Kirchhausen, 2000), which, in case of
CCVs, involves the ATPase Hsp70, auxilin (Lemmon, 2001) and the lipid phosphatase
synaptojanin (discussed in section V.4). Disassembly replenishes the soluble pool of coat
components and permits their recycling in a further round of vesicle budding. Further, the
membrane surface of the formerly enclosed transport vesicle becomes exposed in preparation
for fusion with the acceptor compartment.
V.4.2: Non-coated transport carriers
Many cellular transport containers are generated without the involvement of known
coats. For example, large, pleiomorphic transport carriers appear to mediate trafficking
between TGN and endosomes (Waguri et al., 2003), TGN and plasma membrane (Polishchuk
et al., 2003), endosomes and plasma membrane (Dunn et al., 1989; Mayor et al., 1993) and
between late endosomes and phagosomes (Harrison et al., 2003). Further, transport between
early and late endosomes has been proposed to involve large, 400-800nm vesicles (Gruenberg
et al., 1989). Such Endosomal carrier vesicles (ECVs) are generally rich in internal
membranes and were proposed to be derived from the vacuolar part of early endosomes (see
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below). The molecular processes underlying the formation of such non-coated carriers remain
largely obscure. However, the tubulin cytoskeleton is of general importance herein (Schroer,
2000). Two types of motor proteins, kinesins (Miki et al., 2001) and dynein (Asai and
Koonce, 2001), convert the chemical energy derived from ATP hydrolysis in directional
movement along the rigid microtubule tracks. Such activity is generally utilized for the long
range transport of carrier vesicles and organelles (Schroer, 2000). For example,
depolymerization of microtubules or interference with dynein function blocks transport
between early and late endosomes, causing accumulation of the aforementioned ECVs
(Aniento et al., 1993; Gruenberg et al., 1989). On the other hand, microtubules can provide
static points of anchorage. The HOOK family, for example, attaches membranes to
microtubules (Walenta et al., 2001). The biogenesis of transport carriers could be achieved via
regulated interplay between dynamic- and static microtubule interactions, compartmentalized
to different membrane sub domains (Schroer, 2000).
V.5: Cargo sorting
The utility of transport containers in vectorial transport reactions depends on tight
control of their cargo content. Cargo selection into nascent transport vesicles generally occurs
by two mechanisms:
1: Sorting mediated by specific peptide signals.
2: Sorting by general physical properties.
Both processes are of central importance in the endocytic pathway and will be discussed
below.
V.5.1: Sorting Signals
The steady-state distribution of many transmembrane proteins is determined by the
presence of so-called sorting signals in their cytoplasmic domains, which are generally short
peptide motifs. The importance of sorting signals for endocytosis emerged from the work of
Goldstein and Brown, who could link a case of familial hypercholesteremia to a tyrosine to
cystein point mutation in the tail of the LDL-receptor (Davis et al., 1986). Mutant receptors
are incapable of efficient endocytosis, thus preventing uptake of LDL-particles from the
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serum. Four types of sorting signals are known to mediate internalization from the plasma
membrane (reviewed in Bonifacino and Traub, 2003 and references therein).
1.: YXX∅, where X can be any amino acid and ∅ refers to an amino acid with a
bulky, hydrophobic side chain; The YTRF-sequence within the cytoplasmic tail of
the transferrin receptor is an example here fore.
2.: NPXY -sequences, as found in the FDNPVY-sequence of LDL-receptors.
3.: Di-leucine motifs [DE]XXXL[LI], where either amino acid between the brackets
can occur. Di-leucine motifs mediate endocytosis from the plasma membrane and
are often found in late endosomal/lysosomal proteins.
4.: Mono-Ubiquitin: Single ubiquitin-moieties conjugated to the cytoplasmic tail of
transmembrane proteins mediate efficient endocytosis from yeast to man (reviewed
in Hicke and Dunn, 2003). Such sorting function of ubiquitin has emerged
relatively recently besides the well-established role of poly-ubiquitin chains in
targeting proteins for proteasomal degradation (Hershko et al., 2000). Mono-
ubiquitin mediates the signal-mediated internalization of activated growth factor
receptors (for example, EGFR, Colony Stimulating Factor-1, PDGF-R, reviewed
in Marmor and Yarden, 2004).
V.5.2: Molecular recognition of sorting signals
All the aforementioned signals specify sorting into clathrin coated vesicles. Clathrin
coated pits present a multitude of cargo recognition sites, allowing efficient and specific
trapping of cargo for inclusion into the nascent vesicle (Fig. 4, reviewed in Traub, 2003).
First, the coat backbone, comprising the clathrin- and adaptor layers, binds directly to cargo.
In particular, the µ2-subunit of AP-2 adaptor complexes (see Fig. 3), provides a recognition
site for YXX∅-motifs (Ohno et al., 1995; Owen and Evans, 1998). [DE]XXXL[LI] motifs are
also recognized by Adaptor complexes, either via an independent site on µ-subunits or via a
binding site on the β-subunit (Bonifacino and Traub, 2003). Second, the coat backbone acts as
an assembly scaffold for a multitude of accessory cargo adaptors (reviewed in Traub, 2003).
These proteins share four common properties:  First, binding to specific cargos. Second,
binding to membrane-phospholipids (usually PtdIns(4,5)P2 for cargo adaptors operating at the
plasma membrane, see section V.7.3.1). Third, binding to one of the Adaptor complexes.
Fourth, binding to clathrin.
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The combinatorial effects of these interactions can explain the diversity in cargo
content between different classes of clathrin coated vesicles. ARH (Eden et al., 2002; Garcia
et al., 2001) and Dab2 (Mishra et al., 2002) recognize the NPXY-motif of LDL-receptors and
participate in their efficient uptake from the plasma membrane. Arrestins recognize activated
G-protein coupled receptors and trap them in coated pits for endocytosis (Claing et al., 2002).
Epsins possess an Ubiquitin Interacting Motif (UIM), likely participates in the endocytosis of
ubiquitinated proteins (reviewed in Wendland, 2002). Further important accessory cargo
adaptors are the GGAs (short for Golgi localized, γ-ear containing; Arf binding), which
operate in trafficking between TGN and endosomal compartments and recruit DXXLL-signal
containing cargo into AP-1-CCVs (Bonifacino, 2004). Interestingly, recent data indicates that
a further function of the GGAs may be the recruitment of ubiquitinated proteins (Puertollano
and Bonifacino, 2004; Scott et al., 2004).
A further family of accessory cargo adaptors may be the sorting nexins (SNX): This
large family of proteins is characterized by a PX-domain (Ponting, 1996, see below) and yeast
SNXs appear to function predominantly in cargo sorting between endosomes and Golgi
apparatus (Hettema et al., 2003; Nothwehr and Hindes, 1997). SNXs fit the molecular criteria
for accessory cargo adaptors: First, membrane association via a Phosphoinositide binding PX-
domain; Second, interaction with cargo proteins (SNX1/2: EGF-receptor, Kurten et al., 1996,
Haft et al. 1998;  SNX6: TGF-beta receptor, Parks et al., 2001). Third, SNX9 has been shown
to bind to AP2 (Lundmark and Carlsson, 2002) and to AP-1 (Hirst et al., 2003) in addition to
dynamin (Lundmark and Carlsson, 2003; Lundmark and Carlsson, 2004). Fourth, SNX9 also
binds to clathrin (Lundmark and Carlsson, 2003) and, importantly, is highly enriched in
isolated CCVs (Hirst et al., 2003). The fact that the yeast SNX1/2 orthologue, Vps5, is part of
the retromer coat (Seaman et al., 1998), suggests a general role of SNX family members in
diverse cargo selection processes.
V.5.3: Ubiquitin as conditional sorting signal
Although peptide sorting motifs and mono-ubiquitin can both mediate sorting into
CCVs, there is an important conceptual difference: The effect of sorting motifs contained
within the primary sequence of proteins is largely constitutive (although examples are known
whereby phosphorylation is used to regulate sorting motifs (Bonifacino and Traub, 2003 and
references therein). In contrast, ubiquitin is attached as a post-translational modification.
Figure 4: Cargo Capture by the Clathrin Machinery
αβ2
µ
σ
Figure 4: Cargo capture by the clathrin machinery (adapted from Traub, 2003). Schematic representation of 
the protein–protein interactions possible between clathrin, AP-2, and alternate endocytic adaptors. The 
sorting signal or putative cargo types recognized by the different adaptors are shown on the outside of the 
circle. AP-2 is modeled on the known molecular architecture of the core and appendages, but the different 
proteins are not to scale. pGPCR: phosphorylated G protein–coupled receptor.
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Therefore ubiquitination allows the conditional modification of trafficking itineraries, such as
specifying the endocytosis only of ligand-bound, but not unoccupied growth factor receptors
(see references above). In S. cerevisiae, ubiquitination at the level of the TGN is also used as a
quality control mechanism, which prevents misfolded proteins from reaching the plasma
membrane by tagging them for vacuolar sorting (Reggiori and Pelham, 2002).
Ubiquitination involves a three-stage enzymatic cascade (Hershko and Ciechanover,
1998). So-called E3-enzymes eventually transfer activated ubiquitin to Lysine-residues on
target proteins and are thus the major specificity determinant in the system. Several classes of
E3-enzymes are known (Weissman, 2001): So-called RING finger ligases (Really Interesting
New Gene) and HECT-domain ligases (Homologous to E6-AP C-Terminus), both of which
occur as extensive families in mammalian genomes. Recently, a third E3-ligase domain, the
so called PHD-finger, has been described (Coscoy and Ganem, 2003). However, whether
PHD-fingers in general have E3-ligase activity has been questioned (Aravind et al., 2003).
The generation of the ubiquitin- signal on activated growth factor receptors is well
understood: Here, auto-phosphorylation sites on activated growth factor receptors recruit the
RING-E3 ligase c-Cbl, which mediates receptor ubiquitination, contributing to internalization
and mediating subsequent sorting in endosomes (Marmor and Yarden, 2004). A general
hallmark of ubiquitin ligases appears to be their participation in multiple, unrelated cellular
functions (Pickart, 2004). The ensuing broad substrate specificity likely necessitates spatio-
temporal control of ligase activity, the principles of which are poorly understood at present.
V.5.4: Sorting by general physical properties
Early endosomes have to accomplish the sorting of recycling nutrient receptors from
their cargo destined for degradation. Since recycling of endosomal membrane constituents
occurs by "default" (Mayor et al., 1993), such sorting likely involves no molecular recognition
events. Rather, two general physical principles are utilized (reviewed in Maxfield and
McGraw, 2004). First, the pH of early endosomes is lower than the extracellular milieu, which
dissociates ligands like LDL from their membrane-associated receptors. Second, recycling
receptors enter long, tubular extensions, which are thought to bud from the vacuolar
endosomal lumen as recycling carriers. The discrepancies in surface-to volume ratios alone
(high in recycling carriers, low in the endosomal lumen) allow the selective return of
membrane-associated receptors to the cell surface, whereas soluble material is becoming
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progressively enriched in the vacuolar lumen. Such "geometric sorting" (reviewed in
Gruenberg and Maxfield, 1995, and references therein) is consistent with the morphological
appearance of early endosomes, often comprising thin tubules emanating from a central
vacuolar part (Geuze et al., 1984;  Geuze, 1983 #337; J. Heuser in Gruenberg, 2001).
Default pathways allow for a further mode of sorting, "sorting by exclusion":
Normally recycling molecules can be targeted for degradation by antibody crosslinking
(Gruenberg and Howell, 1987; Mellman et al., 1983). The resulting complexes are degraded,
presumably because their large size prevents entry into recycling carriers. Further, bilayered
clathrin coated domains have been described on early endosomes (Sachse et al., 2002), which
appear to be the physiological mediators of "sorting by exclusion": These domains are
nucleated by Hrs (Hepatocyte Growth Factor Receptor substrate 1, Raiborg et al., 2001a),
which simultaneously functions as accessory cargo receptor for ubiquitinated proteins (Bache
et al., 2003; Raiborg et al., 2002). Thus, ubiquitinated proteins entering into endosomes are
retained within the coated regions, barring them from returning to the plasma membrane via
the default recycling pathway. Interesting from a conceptual point is such use of the clathrin
machinery as cargo selection device, but uncoupled from its vesicle formation function.
The Hrs-domains are further thought to be the site of internal vesicle formation, the
biogenesis of which involves involution of the limiting membrane. This process is catalyzed
by the three ESCRT-complexes (reviewed in Katzmann et al., 2002), but their exact mode of
function is presently not understood. However, ubiquitin functions as specific sorting signal
for inclusion in internal vesicles (Katzmann et al., 2001; Shih et al., 2002), providing an
example for the differential function of sorting signals in different compartments.
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V.6: Membrane Fusion
The third central precondition for vectorial transport by means of vesicular carriers is
specificity of fusion. Evidently, non-discriminate fusion would result in equilibration of all
cellular membrane organelles, abolishing compartmentalization and any aspect of organelle
identity in the process. The mechanisms of membrane fusion have therefore been intensely
investigated, especially under the precondition of achieving the high degree of specificity. The
cytoplasmic surface of lipid bilayers is strongly charged. Such charge, in conjunction with the
ordered solvent shell surrounding it, represents an effective energy barrier to spontaneous
membrane fusion in vivo (Zimmerberg et al., 1993). Hence fusion has to be catalyzed by
dedicated machinery, concomitantly allowing tight control over the process.
Fusion between intracellular membrane compartments involves at least two mechanistically
distinct steps:
1: Tethering
2: Fusion.
V.6.1: Tethering
Tethering represents the first phase of contact between transport vesicle and target
compartment and appears to be a universal aspect of all cellular fusion reactions (reviewed in
Guo et al., 2000; Whyte and Munro, 2002). Thereby, donor and acceptor membrane become
mechanistically linked, but over distances of 100 nm and more. Interestingly, however,
individual tethering proteins are not- or only distantly related on the sequence level.
Nevertheless, they all share a number of common properties. First, tethering factors are highly
specific. Second, tethering factors commonly contain long stretches of coiled coil domains,
giving them an extended, rod-like structure. In keeping with their structure, tethers are thought
to protrude a long distance away from the surface of acceptor membranes, engaging passing
transport vesicles already far from the target membrane. Third: Tethering factors often occur
in large multi-protein complexes: TRAPP1 and TRAPP2 (TRAnsport Protein Particle, 6/10
proteins, respectively, Sacher et al., 2001; Sacher et al., 1998) operate at the level of the
Golgi, the EXOCYST (7 proteins; Hsu et al., 2004) is involved in transport between Golgi
and the plasma membrane and the HOPS complex (6 proteins Seals et al., 2000) is involved in
trafficking between early and late endosomes. Homotypic fusion between early endosomes, as
well as fusion of incoming CCVs with endosomes, requires the tethering activity of EEA1
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(Christoforidis et al., 1999a; Rubino et al., 2000). Although EEA1 exists as a dimer in
solution (Callaghan et al., 1999), it has been shown to be incorporated into large, oligomeric
complexes during endosome fusion reactions (McBride et al., 1999). Fourth, tethering factors
generally interact either directly (direct SNARE binding, e.g., EEA1; McBride et al., 1999;
Simonsen et al., 1999) or indirectly (complexed with SNARE regulatory molecules, e.g.,
Rabenosyn-5/Vps45 complex; Nielsen et al., 2000, or Vps33 in the HOPS complex; Seals et
al., 2000) with the SNARE fusion machinery (see below), which likely contributes to the
vectoriality of the multi-step fusion reaction. Fifth, tethering factors are often recruited onto
the membrane via a GTPase, e.g. Rab5 in the case of EEA1 (Simonsen et al., 1998; reviewed
in Zerial and McBride, 2001). GTPases control both the spatial and temporal activity of
tethering complexes, thus carrying out the vital task of preventing non-discriminate fusion
between membrane compartments.
V.6.2: Fusion
Only vesicles which have passed the "proofreading" step of tethering are thought to be
able to engage the fusion machinery (reviewed in Chen and Scheller, 2001; Jahn et al., 2003;
Rothman and Sollner, 1997). At the core of the fusion machinery is a large family of small
proteins termed SNAREs, many of which are integral membrane proteins. SNAREs are
generally classified as Q-SNAREs or R-SNAREs based on sequence alignments (Fasshauer et
al., 1998). According to the SNARE hypothesis brought forward by Rothman and Sollner in
1993 (Sollner et al., 1993b), the SNARE proteins are thought to have a dual role as fusion
catalysts and specificity determinants of intracellular fusion reactions. This proposal is based
on a number of features of the SNARE machinery. First, there are 35 SNAREs in the human
genome, which often display specific enrichment in different organelles (Bock et al., 2001).
Second, all SNAREs possess a stretch of coiled coil (the SNARE motif) and four such
SNARE motifs can zipper up into a remarkably stable parallel four-helix bundle (Sutton et al.,
1998), the so-called SNAREpin (Weber et al., 1998). A SNAREpin comprise three Q-
SNAREs and 1 R-SNARE, see Fig. 5). SNARE pins formed in trans between vesicle and a
target membrane are thought to bring the two bilayers into very close contact, overcoming the
intrinsic charge repulsion between bilayers. Such trans-SNARE pairing has been shown to be
sufficient for membrane fusion in vitro (Weber et al., 1998) and "flipped SNAREs"
engineered to protrude from the cell surface are capable of fusing adjacent cells (Hu et al.,
2003). Third, although SNARE complex formation is promiscuous, only very few trans-
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SNARE complexes have been shown to be fusogenic in vitro (McNew et al., 2000). Hence the
presence of a SNARE protein in a vesicle would provide an address tag for fusion with one
compartment only, emphasizing the specificity postulate of the SNARE hypothesis.
However, the SNARE hypothesis is not universally accepted yet. One major point of
criticism is the very slow rate of liposome fusion in vitro by recombinant SNAREs alone as
compared to in vivo conditions (McNew et al., 2000), indicating the existence of unknown
fusion machinery components. Accordingly, data from the yeast vacuole fusion system
suggests that SNAREs are not the final mediators of fusion per se, but instead regulators of
the actual fusion machinery (Wickner, 2002). As such, the V0 proteolipid of the Vacuolar
ATPase has been proposed, which is capable of forming a proteinaceous fusion pore in the
membrane (Peters et al., 2001). Furthermore, SNAREs are subject to tight regulation (Gerst,
2003; Sollner, 2003). Following SNARE pin formation, the SNARE complexes have to be
unwound by the NSF-ATPase to participate in a further round of membrane fusion (Sollner et
al., 1993a). Such dissociated SNAREs are thought to be sequestered by proteins of the SM-
family (Sec17/Munc-18), which have been proposed to be required for SNARE activation just
prior to fusion (Jahn, 2000). Overall, therefore, the SNAREs are likely A- rather than THE
specificity determinant of fusion reactions. The emerging theme therefore is combinatorial
specificity determination, comprising the coordinated interplay between tethering factors,
SNAREs and the Rab-GTPases (see section V.7.4.1 and following).
V.7: Targeting mechanisms
The core machinery discussed above mediates the selective transfer of proteins between
compartments. To do so, the core machinery has to be able to differentiate between donor and
acceptor compartments. Thus, a necessary prerequisite for achieving selective localization of
(cargo-) proteins is the selective localization of (machinery-) proteins. This problem is further
compounded by the fact that key machinery components (i.e., SNAREs), often reach their site
of action together with the cargo they transport. A vexing paradigm therefore emerges: In
order to establish and to maintain distinct molecular identities, membrane compartments
require selective vesicular transport. But vesicular transport requires membrane compartments
of distinct molecular identity to be selective. Below, I will review structuring principles
underlying molecular compartment identity in light of this paradox.
Figure 5:  The SNARE Machinery
A
B
Figure 5: Structure and Function of SNAREs. A: Crystal structure of a synaptic trans- SNARE 
complex drawn after Sutton et al. (1998). The structures of the two membrane anchors and of 
the peptide that links the two SNAP-25 α-helices are hypothetical. B: The SNARE cycle. A trans-
SNARE complex assembles when a monomeric v-SNARE on the vesicle binds to an oligomeric t-
SNARE on the target membrane, forming a stable four-helix bundle that promotes fusion. The 
result is a cis-SNARE complex in the fused membrane. α-SNAP binds to this complex and 
recruits NSF, which hydrolyzes ATP to dissociate the complex. Unpaired v-SNAREs can then be 
packaged again into vesicles. The depictions of the SNARE complex and  -SNAP are from Sutton 
et al. (1998) and Rice and Brunger (1999), respectively. A complete crystal structure of NSF is 
not yet available, but the protein is known to form a doublebarreled hexameric ring that binds to 
the end of the SNARE complex (Lupas and Martin,  2002).
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V.7.1: Lipids
Generally appealing in face of the "protein targeting requires targeted protein"-
paradox are all such mechanisms which localize proteins independently of protein-protein
interactions. The influence of lipid bilayer composition on membrane protein localization
provides several examples here fore: The thickness of lipid bilayers, for example, increases
steadily from ER to plasma membrane (Grove et al., 1968). Such gradient, caused by a
gradual increase of cholesterol content between ER and PM (Prinz, 2002 and references
therein), can determine the steady-state localization of integral membrane proteins according
to the length of their transmembrane domain (Bretscher and Munro, 1993; Lundbaek et al.,
2003).
Furthermore, different classes of lipid species in cellular membranes tend to cluster,
thus inducing lateral inhomogeneity in lipid bilayers. In general, lipid bilayers can be thought
of as mosaics of "liquid ordered" and "liquid disordered" phases (Brown and London, 1998b;
Simons and Ikonen, 1997). The liquid ordered phases, also referred to as lipid rafts (Simons
and Ikonen, 1997), consist mainly of sphingolipids and cholesterol, the latter having an
essential structural role in stabilizing the liquid-ordered microdomains. Importantly, such self-
organization of the lipid bilayer can provide localization cues for proteins (reviewed in Brown
and London, 1998a), as membrane proteins show a marked preference for either liquid
ordered (e.g., caveolin, GPI-anchored proteins) or liquid disordered phases (e.g., Transferrin
Receptor). This principle is utilized by the caveolar endocytosis route from the plasma
membrane (see Fig. 1), which selects cargo at least in parts by providing a "liquid-ordered
coated pit" (van Deurs et al., 2003). Lipid rafts are further thought to function as important
cargo selection platform for transport to the apical surface of polarized epithelial cells.
Overall, however, the interplay between bilayer properties and cellular compartment identity
is poorly understood at present.
V.7.2: The Cytoskeleton
The cytoskeleton contributes to the specific localization of proteins by several,
interconnected mechanisms. First, multiple protein-protein and lipid-protein interaction
mechanism have been described, which link membrane to the actin cytoskeleton. One
example here fore are proteins of the Ezrin-Radixin-Moesin (ERM) family (Bretscher et al.,
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2002). By such bridges, the dense network of actin filaments can serve as patterning scaffold
of membranes. For example, actin-dependent "hot-spots" of coated pit formation have been
detected in the plasma membrane of some cells, likely reflecting the actin-dependent
localization of rate limiting machinery components (Gaidarov et al., 1999; Santini et al.,
2002). Direct- or indirect interaction with the actin cytoskeleton could further enrich proteins
in the plasma membrane by preventing their endocytosis. An actin-scaffold also surrounds
many endomembrane organelles, for example the Golgi (Stamnes, 2002). Whether actin plays
a role in patterning of these organelles remains to be established.
The tubulin cytoskeleton primarily forms long, one-dimensional fibres, which provide
the basis for long-range transport of cargo vesicles (Schroer, 2000).  Importantly, the spatial
lay-out of microtubules can be focused at specific regions of the plasma membrane (reviewed
in Goode et al., 2000; Wittmann and Waterman-Storer, 2001). In conjunction with polarized
tethering/fusion complexes like the aforementioned Exocyst, the polarized deposition of
proteins can therefore be achieved. Targeted cargo transport is central to bud-growth in S.
cerevisiae (Bretscher, 2003), as well as to the establishment and maintenance of membrane
polarity in epithelial cells (Musch, 2004). Furthermore, the tubulin cytoskeleton is
intrinsically polarized. In interphase, most microtubules are anchored with their minus end at
the centrosome. The resulting radial array provides a patterning device for the sub-cellular
distribution of membrane organelles (Schroer, 2000): Golgi-apparatus and the recycling
endosome always assemble around the centrosome in mammalian cells. Lysosomes and late
endosomes are also found predominantly in the perinuclear area, whereas early endosomes
and ER distribute more equally between periphery and centre. The distribution of organelles
depends on the balanced between + and -end directed motor activities on their surfaces. The
molecular mechanisms underlying balanced motor activity are poorly understood. Members
of the Rab-GTPase family have been shown to recruit dynein and also myosin V to
membranes (Bielli et al., 2001; Jordens et al., 2001; Lapierre et al., 2001; Short et al., 2002).
Rab5 in particular provides a paradigm for organelle positioning via influencing motor
activities (see below).
The functional implications of the subcellular distribution of organelles, however, are
poorly understood. Likely, exchange between two compartments can be facilitated by
concentrating them in the same sub-cellular area. On the other hand, compartment boundaries
may be easier to maintain if two compartments are kept physically separate. By a combination
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of the mechanisms discussed above, the cytoskeleton therefore likely plays a general role in
facilitating and amplifying differences in protein composition between cellular compartments.
V.7.3: Phosphoinositides
An established structuring principle in membrane trafficking is provided by a class of
lipids, the phosphoinositides (Fig. 6A and 6B. For review, see De Matteis and Godi, 2004;
Simonsen et al., 2001; Vanhaesebroeck et al., 2001; Wenk and De Camilli, 2004). The sugar
moiety of Phosphatidyl-Inositol (PtdIns), a major constituent of cellular membranes, can be
phosphorylated on various positions to give rise to Phosphatidyl Inositol Phosphates (PtdInsP,
Fig. 6B). Three features allow PtdInsP to function as compartment identifiers. First, particular
phosphate species are distributed in a compartment-specific manner. Second, individual
PtdInsP-species can be rapidly interconverted by the concerted action of Phosphoinositide
Kinases (PIKs, reviewed in Fruman et al., 1998) and lipid phosphatases (reviewed in Wishart
and Dixon, 2002), providing the basis for accurate compartment localization. Third, PtdInsP-
specific protein domains exist, which can convert the lipid code into protein localization (see
Fig 6c, reviewed in Lemmon, 2003).
The organelle-specific distribution of PtdInsP (Fig. 6A) categorizes endomembranes
into broad PtdInsP-domains:  Golgi/TGN: PtdIns(4)P; Plasma membrane: PtdIns(4,5)P2,
PtdIns(3,4)P2 and PtdIns(3,4,5)P3; Early endosomes: PtdIns(3)P; Late endosomes:
PtdIns(3,5)P2. PtdIns(5)P, although present in eukaryotic cells, has so far not been assigned
any particular function. PtdIns(4)P, PtdIns(3)P, PtdIns(3,5)P2 and PtdIns(4,5)P2 are detectable
under steady state conditions, consistent with their function as organelle markers.
PtdIns(3,4)P2 and PtdIns(3,4,5)P3 levels rise only in response to growth factor stimulation,
consistent with their primary involvement in signalling processes (Chung et al., 2001).
V.7.3.1: PtdInsP as structuring principle
The clathrin machinery provides a paradigm for the utility of PtdInsP as molecular
membrane identity determinants: AP-complexes, the master cargo selection device of CCVs,
recognize their target membranes at least in part via PIP-binding sites on the µ- and β-
Figure 6: Phophoinositides in Eukaryotic cells
A
B C
a) FYVE-Finger b) PH-domain
d) ANTH-domainc) ENTH-domain
e) PX-domain
Legend overleave.
Figure 6: A: Phosphoinositides in eukaryotic membrane trafficking (adapted from De Matteis 
and Godi, 2004 and references therein). During endocytosis, PtdIns(4,5)P2 is required for 
invagination of clathrin coated pits at the plasma membrane (1), after which the local level of 
PtdIns(4,5)P2 decreases because of the activity of a 5-phosphatase (3). Loss of PtdIns(4,5)P2 
further promotes uncoating of CCVs. At steady state, PtdIns(3)P is present almost exclusively in 
early endosomes (5) and internal vesicles of Multi-Vesicular Bodies/late endosomes (6), it is 
required in Golgi-to-vacuole transport in yeast and for multiple endocytic steps, including 
docking, fusion and motility of the EE in mammals. PtdIns(3)P functions in concert with Rab5 in 
recruitment of FYVE-containing proteins to early endosomes. The conversion of PtdIns(3)P into 
PtdIns(3,5)P2 occurs at the MVBs/late endosome (6) owing to PIK-FYVE (fab1p in yeast), and is 
required for protein sorting at the MVBs and for controlling the size of the vacuole/lysosomes. 
The localization of the PtdIns-3-Phosphatase myotubularin to late endosomes raises the 
possibility that PtdIns(5)P is present in these compartments (6) Wishart and Dixon, 2002). The 
initial localized production of PtdIns(4,5)P2 at the site of phagocytosis (2), is followed by a 
decrease through the action of PLC and type I PtdIns(3)K, which converts PtdIns(4,5)P2 into 
PtdIns(3,4,5)P3 (5). Following internalization, phagosomes undergo sequential PtdIns-
remodelling analogous to the corresponding endosomal compartments: Early phagosomes 
require PtdIns(3)P (5), produced by hVps34 (type III PtdIns(3)K). PtdIns(3,5)P2 is required at 
later stages (6), possibly together with PtdIns(5)P. Considerable evidence now indicates that in 
yeast and mammals the relevant PI species in the Golgi complex is PtdIns(4)P. Defects in yeast 
and mammalian Golgi-localized PtdIns(4)Ks impair constitutive transport from the Golgi 
complex to late endosomes and to the plasma membrane, and perturb Golgi architecture (8). 
There is also evidence for a role of PtdIns(4,5)P2 in governing the architecture of Golgi 
membranes (7). For regulated exocytosis (9), PtdIns(4)P is generated in secretory granules, 
whereas PtdIns(4,5)P2 generated at the plasma membrane through the Arf6- and calcium-
dependent activities of PIP(5)K8 is required for the docking and fusion steps. The functions of 
various PtdIns-species in cytoskeletal remodeling and signaling are not considered in this 
scheme. B: Mammalian PtdInsP-cycle(taken from Lemmon, 2003). PtdIns, the most abundant 
lipid in this scheme, can be phosphorylated at the 3-, 4-, and 5-positions. PtdIns(4)P accounts 
for approximately 95% of the PtdInsP, and PtdIns(4,5)P2 accounts for more than 99% of the 
total PtdInsP2. PtdIns(3,4,5)P3 and PtdIns(3,4)P2 occur in mammalian- but not yeast cells, and 
are only detectable after stimulation with growth factors or other agonists. Gray arrows 
represent poorly characterized or less important pathways. Continued overleave. 
C: Structures of PtdIns-binding domain modules commonly found in endocytic proteins (based 
on Lemmon, 2003 and references therein). a) FYVE-finger (Fab1p, YOTB, Vac1p, and EEA1) of 
EEA-1. FYVE-fingers are highly specific for PtdIns(3)P. b) PH-domain (Pleckstrin Homology 
domain, Lemmon, 1998) of Grp-1. PH-domains have differing specificities for various PtdInsP, 
depending on structural determinants of the lipid binding interface. c) ENTH-(Epsin N-terminal 
Homology ) and d) ANTH (AP180 N-terminal Homology) domains both bind PtdIns(4,5)P2. 
ENTH-domains further induce membrane curvature upon PtdIns-binding, which has been 
proposed to contribute to CCP-invagination. e) PX-domain (Phox-Homology domain) of 
p40phox. Many PX-domains are specific for PtdIns(3)P, but binding to PtdIns(3,4)P2 and 
PtdIns(4,5)P2 have also been reported.  
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adaptins. AP-1 is recruited to the TGN by PtdIns(4)P (Wang et al., 2003), AP-3 requires
PtdIns(3)P for efficient membrane recruitment (T. Baust et al., submitted), consistent with its
partial localization to endosomes (Peden et al., 2004).  AP-2, finally, is targeted to the plasma
membrane by PtdIns(4,5)P2 (Collins et al., 2002; Gaidarov and Keen, 1999). PtdIns(4,5)P2 has
further essential functions in the assembly of AP-2 containing CCVs, as it directly recruits
many accessory proteins, such as dynamin, epsin or Dab2. Interestingly, uncoating of CCVs
requires the lipid phosphatase activity of synaptojanin (McPherson et al., 1996; Verstreken et
al., 2003), ensuring that the plasma membrane identity cue PtdIns(4,5)P2 is not be transported
into endosomal compartments. Overall, therefore, PtdInsP contribute to the observed
vectoriality of transport by restricting the recruitment of trafficking machineries to specific
compartments.
V.7.3.2: PtdInsP as molecular compartment identity determinants
PtdInsP-dependent recruitment of cytosolic proteins is a general principle of localizing
transport machineries in an organelle-specific manner. The central role of PtdIns(3)P on early
endosomes provides a striking example for this principle. First, proteins essential for
endosome fusion, including EEA1 and Rabenosyn-5, require their PtdIns(3)P-specific lipid
binding domains for endosomal targeting (Nielsen et al., 2000; Stenmark et al., 1996).
Second, PtdIns(3)P has been shown to generally modulate the motility of endosomes on
microtubules (Nielsen et al., 1999) and the PX-domain containing kinesin KIF16b has
recently been identified as PtdIns(3)P-specific motility effector (S. Hoepfner, submitted).
Third, proteins involved in endosomal cargo sorting, such as Hrs and the SNXs, are recruited
by PtdIns(3)P (Cozier et al., 2002; Raiborg et al., 2001b; Xu et al., 2001; Zhong et al., 2002).
Not surprisingly, therefore, the function of early endosomes is severely affected by
pharmacological inhibition of PtdIns(3)P-production (Shpetner et al., 1996).
Further, the interconvertability of PIPs facilitates the vectoriality of transport reactions
between endosomal sub-compartments (De Matteis and Godi, 2004). Fab1, for example,
produces PtdIns(3,5)P2, which is required on late endosomes. Fab1 is recruited onto
membranes by PtdIns(3)P and further utilizes PtdIns(3)P as its substrate. Thus, the
sequentiality of early- versus late endosomal functions is ensured. A similar scheme can be
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envisaged for the PtdIns(4)P- PtdIns(4,5)P2 interconversion associated with exocytic
transport.
V.7.3.3: Localization of PtdInsP
Evidently, the compartment specific localization of PtdInsP necessitates compartment
specific localization or activation of PIKs and Phosphatases. Signalling by many growth
factor receptors involves the recruitment of Type I PtdIns(3) kinases, which can utilize both PI
PtdIns(4,5)P2 and PtdIns(4)P as substrate, to the plasma membrane. Interestingly, PI3K-1β
can be also recruited- and activated by binding to active Rab5 (Christoforidis et al., 1999b).
Rab5 plays a central role also in the localization of PtdIns(3)P production: First, it activates
hVps34 (type III PI3K, PtdIns only substrate), and thereby controls PtdIns(3)P levels on early
endosomes (Christoforidis et al., 1999b). Second, Rab5 recruits a cascade of lipid
phosphatases, which likely participate in maintaining the boundary between the PtdIns(4,5)P2
domain of the plasma membrane and the PtdIns(3)P domain of early endosomes (H. Shin,
submitted). Regulation of PIKs by small G-proteins appears to be a common theme, as
PtdIns(4)KIIIβ and PtdIns(4)5K are both regulated by small GTPases of the Arf family (Godi
et al., 1999; Honda et al., 1999; Krauss et al., 2003; Weernink et al., 2004). The function of
small GTPases as structuring principle in the endocytic pathway will be discussed further
below.
Despite the importance of PtdInsPs as organelle-identity cue, the generation of the
PtdInsP-code yet again requires the organelle-specific distribution of small GTPases. Just as
the PtdInsP-code therefore does not stand alone in determining the identity of membranes,
PtdInsP are often not utilized as the sole targeting determinant for recruiting proteins onto the
membrane. In the case of AP-2, for example, integral plasma membrane proteins appear to
synergize with PtdIns(4,5)P2 in specifying plasma membrane recruitment (Mahaffey et al.,
1990; Marqueze et al., 2000; Zhang et al., 1994). Similarly, many PtdIns(3)P-binding
endosomal proteins like EEA1, utilize binding to active Rab5 as co-recruitment determinant
(Simonsen et al., 1998 and see below). The PtdInsP-identity code is therefore generated and
utilized as part of a multi-level combinatorial system, reminiscent of the multi-layered
specificity determination of fusion reactions.
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V.7.4: GTPases
Three branches of the Ras-superfamily of small GTPases are of central importance in
membrane trafficking. The Rho-family is best known for its role in modulating cytoskeletal
dynamics (Etienne-Manneville and Hall, 2002; Symons and Rusk, 2003). The Arf family is a
central element of vesicle budding processes (Beraud-Dufour and Balch, 2001). And the Rab
family, which is involved in a broad array of molecular processes related to organelle
biogenesis and function (Pfeffer, 2001b; Zerial and McBride, 2001). Three features of the
Rab-family are central to their function:
V.7.4.1: Organelle-specific localization
60 Rab-proteins have been identified in the human genome (Bock et al., 2001).
Importantly, individual family members serve as markers of distinct cellular membrane
compartments (See Fig. 7, Zerial and McBride, 2001). For example, Rab11 provides a
molecular marker for recycling endosomes, Rab5 and Rab4 for early endosomes and Rab7 for
late endosomes. Rab-GTPases sub-compartmentalize endosomal membranes: Recycling of
transferrin involves sequential colocalization with Rab5, Rab4 and Rab-11, suggesting that
discrete endosomal sub-domains are being traversed (Sonnichsen et al., 2000). Consistently,
individual Rab domains respond differently to pharmacological interference (Sonnichsen et
al., 2000). Further, Rab-domains have also been described on late endosomes, which appear to
be sub-compartmentalized into Rab7 and Rab9 domains (Barbero et al., 2002). It will be
interesting to determine whether the Golgi-apparatus is similarly sub-compartmentalized by
the large number of Golgi-resident Rabs (See Fig. 7). Already on the morphological level,
Rab-domains therefore provide a major structuring principle for endosomal membranes.
The mechanism behind such compartment specificity is still unclear. The
hypervariable C-terminal domain of Rabs contains essential targeting signals for correct
membrane localization (Chavrier et al., 1991), but the mechanism of recognition are largely
unknown. Possibly the recently identified GDF-activity of PRA-proteins also participates in
targeted membrane delivery (see below, Sivars et al., 2003), but both the promiscuity of Pra-
proteins and their broad distribution limits their utility as targeting cues. On the other hand,
Figure 7: Compartment -specific Localization of Rab-GTPases
Figure 7: Many of the 60 Rab-GTPases found in the human genome localize in a compartment-
specific manner. Cell-type specific membrane compartments are shaded darker than universally 
occurring membrane compartments. Rab-GTPases with tissue-specific expression are marked by 
an asterisk. Well-characterized Rabs are marked black, less well studied family members appear 
in gray. 1: Early endosomes (EE) are the major site of Rab5-localization. Rab4 is a further well-
characterized Rab-protein of EE. Rab5 and Rab4 occupy distinct domains on EE. Rab15 and 
Rab22 also display extensive colocalization with Rab5, but are less well studied (Elferink et al., 
1992; Mesa et al., 2001; Olkkonen et al., 1993; Zuk and Elferink, 1999). Furthermore, Rab14 is 
found both on EE and the Golgi apparatus and has recently been proposed to mediate transport 
between the two organelles (Junutula et al., 2004). 2: Recycling pathway: Rab4 and Rab11 
function downstream of Rab5. Substantial amounts of Rab4 are present on PtdIns(P)3/Rab5-
positive EE, whereas Rab11 localizes mostly to the perinuclear recycling compartment.
Continued overleave. 
A large number of cell type specific Rabs associate with the RE, reflecting the various 
specialized functions of RE-like compartments in polarized cells (Lutcke et al., 1994; Opdam et 
al., 2000; Rodriguez-Gabin et al., 2004; Zacchi et al., 1998). 3: Rab7 and Rab9 are associated 
with late endosomal compartments and Rab9 functions in trafficking between LE and Golgi. 
Rab34 possibly also functions at the Golgi/LE interface (Wang and Hong, 2002). The major 
endocytic Rabs demarcate discrete membrane domains on endocytic organelles, so-called Rab-
domains, as drawn in the figure. 4: No Rab protein has thus far been found to associate 
specifically with Lysosomes. 5: A large number of Rab-GTPases localizes to the Golgi-apparatus 
(Chen et al., 1993; de Leeuw et al., 1998; Goud et al., 1994; Martinez et al., 1994; Plutner et al., 
1991; Schwaninger et al., 1992; White et al., 1999; Zheng et al., 1998). Minor pools of Rab4 
and Rab11 have also been described on Golgi-membranes. At present, no ultrastructural data 
regarding possible Rab-domains on the Golgi apparatus is available, which is therefore 
uniformly outlined in white.  6: Rab24 localizes to ER-membranes and is likely involved in 
autophagy (Munafo and Colombo, 2002; Olkkonen et al., 1993). 7: A large number of Rab 
proteins function in cell-type specific transport pathways emanating from the Golgi apparatus: 
Rab8 in polarized trafficking to basolateral membrane domains (Ang et al., 2003; Huber et al., 
1993); Rab13 mediates tight junction assembly (Marzesco et al., 2002; Zahraoui et al., 1994); 
and Rab3 mediates the stimulated secretion of synaptic vesicles; Rab12 and Rab26 are poorly 
characterized (Iida et al., 1996; Yoshie et al., 2000). Biogenesis and secretion of lysosomes-like 
organelles is regulated by a further group of Rabs ((8), Izumi et al., 2003; Loftus et al., 2002; 
Masuda et al., 2000; Menasche et al., 2000; Wilson et al., 2000). Although drawn separately, 
individual Rabs (like Rab27 and Rab3) participate in both pathways. 9: The Plasma membrane 
bears major pools of Rab34 (proposed to mediate macropinocytosis, Sun et al., 2003) and Rab23 
(Evans et al., 2003; Olkkonen et al., 1994). Minor pools of the EE-Rabs Rab22 (Olkkonen et al., 
1993) and Rab5 (Chavrier et al., 1990) are also found at the PM. 11: Rab32 regulates fission 
and motility of mitochondria (Alto et al., 2002).
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the compartment specificity of Rabs is not absolute: Pools of Rab5 are found on plasma
membrane and CCVs (Chavrier et al., 1990), consistent with a functional involvement of
Rab5 in cargo selection into CCVs (McLauchlan et al., 1998) and their subsequent fusion with
early endosomes (Horiuchi et al., 1995; Rubino et al., 2000). Likewise, pools of Rab4 and
Rab11 are found on the Golgi apparatus (Benli et al., 1996; de Graaf et al., 2004; de Wit et al.,
2001; Urbe et al., 1993) and dominant negative mutants of Rab11 block secretory trafficking
(Chen et al., 1998). Interestingly, however, the ditribution of Rab-effectors is often much
more restricted (see below), increasing the utility of the Rab-machinery in providing
compartment identity cues.
V.7.4.2: Reversible membrane association
Central to the specific compartment distribution of Rab proteins is their cycling
between membranes and cytoplasm, depicted in Figure 8 (and reviewed in McBride et al.,
1999). The key steps are the following: First, in their GTP-bound state, Rabs are stably
membrane associated via a geranylgeranyl lipid modification at their C-terminus (Kinsella and
Maltese, 1991). GTP-bound Rabs function as membrane-recruitment determinant for a
plethora of cytoplasmic effectors (see below). Second, GTPase-Activating Proteins (GAPs)
induce hydrolysis of GTP to GDP, thereby dissociating bound effector proteins from the
membrane. Third, GDP-bound Rab is extracted from the membrane via the Rab-specific
chaperone GDI (GDP dissociation inhibitor, reviewed in Pfeffer et al., 1995). Fourth: GDI
maintains Rab-proteins as soluble pool in the cytosol.  Fifth, re-delivery of soluble Rab/GDI
complexes to their target membrane involves complex dissociation by GDF (GDI-
Dissociation Factor, Sivars et al., 2003; Soldati et al., 1994). Sixth, membrane-associated
Guanine-Nucleotide Exchange Factors (GEFs) are thought to "activate" the Rab once more by
loading it with GTP. GEFs have been proposed as basis of the compartment selectivity of
Rabs, as Rabs erroneously delivered to membranes without a cognate GEF would be rapidly
extracted by GDI (Goud et al., 1988).
Reversible membrane association predestines Rabs for a central role in trafficking:
First, unlike SNAREs, whose mechanisms of function entails obligatory transfer between
compartments, the spatial localization of Rabs can be more accurately restricted. Further,
external modulation of the nucleotide cycle by GEFs and GAPs allows also control over the
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temporal aspects of Rab function. The rate of GTP hydrolysis by Rab5 has been interpreted as
timer mechanism of endosome fusion (Rybin et al., 1996). Further, the nucleotide cycle of
Rab5 is under dynamic control during growth factor internalization (Lanzetti et al., 2000),
underscoring the potential regulatory function of the Rab nucleotide cycle.
V.7.4.3: Rab-domain formation
Rabs exert their essential function in membrane trafficking by the recruitment of
soluble effector proteins onto the plane of the membrane. Affinity-chromatography
experiments identified over 30 such proteins interacting with GTP-bound Rab5 (Christoforidis
et al., 1999a; Christoforidis et al., 1999b). Strikingly, components of virtually all membrane
trafficking core machineries discussed above are found amongst these:
Coated vesicles: The Rab5-effector Rabaptin-5 interacts with GGAs and with AP-1
(Nogi et al., 2002; Shiba et al., 2002).
Tethering and fusion: EEA1 and Rabenosyn-5 are the tethering factors for endosomal
fusion reactions (Christoforidis et al., 1999a; Nielsen et al., 2000). Further, they
provide direct links to the SNARE machinery: EEA1 interacts with the endosomal
Q-SNAREs syntaxin-6 (Simonsen et al., 1999) and syntaxin-13 (McBride et al.,
1999); Rabenosyn-5 interacts with the SM-SNARE regulator hVps45 (Nielsen et
al., 2000).
Cytoskeleton interactions: Hook-1 and -3 as static links to the cytoskeleton (Walenta
et al., 2001), huntingtin as switch between actin- and microtubule association (A.
Pal, submitted);
PtdInsP: Control over endosomal PtdIns(3)P levels by: Type I PtdIns(3)K
p110β/p85α, Type III PtdIns(3)K hVPs34/p150 (Christoforidis et al., 1999b); by
type II inositol 5-phosphatase and by the type I _ PtdIns(3,4)P2 4-phosphatase (H.
Shin, submitted). Since endosomal PtdIns(3)P levels directly depend on Rab5, the
PtdIns(3)P binding proteins Kif16b (S. Hoepfner, submitted) and Hrs can be
considered secondary effectors of Rab5.
As mentioned before, many Rab5 effectors require PtdIns(3)P as co-recruitment
determinant, providing a precedent for the combinatorial use of identity cues in specifying
effector recruitment. In fact, such synergistic recruitment effects appear to sub-
Figure 8: The Rab Cycle
GEFGAPEffectors Rab-GDP GDFGDI Rab-GTP
Figure 8: The Rab-GTPase cycle. See text for detailed description. 
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compartmentalize the zone of Rab5-localization further: Rab5 on CCVs cannot recruit EEA1,
presumably due to the lack of PtdIns(3)P on these membranes (Rubino et al., 2000). APPL
and Rabankyrin, two additional Rab5-effectors, each localize to distinct populations of Rab5
positive- but EEA1 negative membranes (Miaczynska et al., 2004; Schnatwinkel et al., 2004).
The differential localization of Rab effectors thus resolves the dichotomy between Rabs
functioning both as central identity cue, yet localizing to several membranes with distinct
identity.
A further central aspect of Rab-effector recruitment are cooperative interactions
amongst effectors, once recruited onto a membrane. These have been shown to lead to the
assembly of large protein complexes (McBride et al., 1999). Likely such oligomerization
provides the biochemical basis for the ultrastructural observation of Rab-domains (see above).
Domain-organization is likely a general principle of Rab-function, as more than 10 effectors
each of Rab4 (Bielli et al., 2001; Cormont et al., 2001; Cormont et al., 2003; de Renzis et al.,
2002; Li et al., 2001; Zerial lab, unpublished) and Rab11 (de Graaf et al., 2004; Hales et al.,
2001; Lindsay et al., 2002; Prekeris et al., 2001; Zeng et al., 1999; Zerial lab, unpublished)
have meanwhile been identified. Curiously, Rab11 has recently been shown to interact with
PtdInsK-4β (de Graaf et al., 2004), raising the possibility that a Rab11-PtdIns(4)P-domain
may exist on the TGN, analogous to the Rab5/PtdIns(3)P-domain on early endosomes.
Overall, the Rab5-domain therefore provides a striking demonstration of the central
importance of Rab-GTPases in recruiting and co-ordinating various core machineries to
organelles and thereby determining their molecular identity.
V.8: Rab-domains: The conceptual importance of dynamics
Rab-domains have thus emerged as central architectural principle in the organization of
the endocytic pathway: Individual Rab-domains constitute organisational "modules", which
coordinate a large number of machinery components into units of molecular identity and
function.  Consequently, the view of the endocytic pathway as "Mosaic of Rab domains"
emerges (Zerial and McBride, 2001). Yet, the static picture of a mosaic contrasts sharply with
the enormous flux rates through the endosomal system: It has been estimated that early
endosomes have to accommodate an hourly cargo flow corresponding to 15 times their own
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surface area (Helenius et al., 1983; Steinman et al., 1976). One so far unconsidered aspect of
the Rab-domain concept therefore gains central importance: The dynamics of Rab-domains.
Since cargo flow through the endocytic system necessitates the transit between successive
Rab-domains, how are adjacent Rab domains functionally interconnected? Are Rab-domains
stable in time, such that cargo exchange has to occur by transient encounters between pre-
existing Rab domains? Or could it be that Rab-domains can be assembled de novo and
disassembled once more, such that "transport" could be achieved via coordinated assembly
and disassembly of successive Rab domains on the limiting membrane around the cargo?
Furthermore, is exchange between all Rab domains governed by the same principles or can
different Rab-domains interact in different modes?
The nucleotide-dependent cycling of Rab-GTPases between membrane and cytosol
provides an intrinsic mechanistic basis for Rab-domain dynamics: Stimulation of GTP-
hydrolysis by GAPs would be envisaged to destabilize domains, whereas GEF-mediated
nucleotide exchange would have the opposite effect. Interestingly, the Rab5-domain likely
contains both, GEFs and GAPs: The Rab5-GEF Rabex (Horiuchi et al., 1997 Zerial lab,
unpublished; McBride et al., 1999). Balanced GEF and GAP activities could lead to "stable"
Rab5 domains indefinitely maintained in a dynamic equilibrium, whereas imbalances between
GEF and GAP-activities could give rise to de novo- assembly and/or complete disassembly of
Rab5 domains. Hence the Rab5-domain paradigm would in fact be compatible with both
dynamic extremes of Rab domain dynamics outlined above.
Thus, this thesis research attempted to answer the following questions:
1.: How is cargo transferred between Rab-domains?
2.: Can Rab-domains undergo de novo assembly/disassembly or are they stable
over time?
3.: Are the principles the same in the recycling- and the degradative pathway?
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VI. Results
VI.1: General Experimental Approach
The general goal of this thesis project was to address functions of the endocytic pathway
in terms of Rab-domain dynamics. An a priori-consideration of the conventional experimental
repertoire of membrane trafficking research, including in vitro- reconstitution of transport
processes or morphological quantifications of pulse/chase experiments in fixed cells,
highlighted an inherent shortcoming of such end-point experiments: The experimental read-
out can demonstrate that cargo has been transferred from one compartment to the next, but not
how the transfer has occurred; the desired dynamics of the process have to be inferred
indirectly from the data. The ambiguity inherent to this step is exemplified by the ongoing
maturation/versus stable compartment controversy in intra-Golgi transport (Elsner et al.,
2003) and in early- to late endosomal transport (Murphy, 1991, Griffiths, 1991 #441).
Dynamics, on the other hand, could be provided directly by imaging methods capable of
visualizing the process of cargo transfer between membrane compartments demarcated by
different machineries.
The endocytic transport system is particularly amenable to such optical analysis
methods for the following reasons:
1.: The Rab-GTPases as central machinery elements of molecular compartment identity
can be tagged with fluorescent proteins without major inhibitory effects (Bucci et al.,
2000; Sonnichsen et al., 2000)
2.: Unlike the cisternae of the Golgi-apparatus, individual endosomal subcompartments
can be resolved by light microscopic techniques.
3.: A number of well-characterized cargo molecules can be easily introduced into the
endocytic pathway via uptake from the extracellular medium and are amenable to
labelling with fluorescent dyes. Transferrin serves as prototypical cargo for the
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recycling pathway, whereas LDL is a well-characterized cargo of the degradative
pathway.
On basis of these considerations, the development and utilization of suitable life cell assays
was therefore one central technical approach in this thesis research.
Secondly, as a mechanistic understanding of transport processes was intended, a set of
biochemical tools was utilized in the course of this thesis research. Hereby, the affinity-
isolation of Rab effectors provided a useful starting point for the isolation of candidate
mediators of particular phenomena identified by the above imaging techniques.
Below, the results obtained within the course of this thesis work will be presented in the
following order:
VI.2: Outline of Results-section:
I.: Defining the return-pathway of recycling cargo to the plasma membrane
Assay development: Visualization of recycling carriers by TIRF
           microscopy
Characterization of Rab-GTPases on recycling carriers
recycling in presence of Brefeldin A
II: Molecular Characterization of Rab11-domain constituents
Rab11-chromatography
Characterization of RUL
RUL-substrates
III: Domain dynamics in endosomal cargo sorting
Assay development for long-term tracking of endosomes
Rab5 domain dynamics
Rab5-domain dynamics and sorting into the recycling pathway
Rab5-domain dynamics and sorting into the degradative pathway
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VI.2.1: Defining the return-pathway of recycling cargo to the plasma membrane
The first part of this thesis research was aiming to obtain a dynamic understanding of
Rab-domains in the recycling pathway. Recycling involves the sequential passage of cargo
(e.g., Transferrin) from Rab5/Rab4 domain containing structures into vesicles harbouring
Rab4/Rab11 domains and is last found in Rab11-only structures (Sonnichsen et al., 2000).
However, from which stage the cargo actually returns to the cell surface remained unclear
from these experiments. This point is a major missing element in the present understanding of
the recycling pathway. The issue is further complicated by the possible co-existence of
multiple exit pathways inferred from the bi-phasic kinetics of transferrin recycling (Hopkins
and Trowbridge, 1983; Mayor et al., 1993; Presley et al., 1993). The first experimental
objective of this thesis research was therefore to define from which one(s) of the Rab-domains
in the recycling pathway, Rab4, Rab11 or Rab5, recycling cargo is returned back to the
surface.
VI.2.1.1: Assay development: Visualization of recycling carriers by TIRF-
microscopy
As the biochemical isolation of recycling carriers has proven difficult in the past, I
thought to approach the problem by developing a microscopic assay for the visualization of
recycling. TIRF microscopy, exploiting the restricted illumination of cells only within 100-
150 nm above the plane of the coverslip, appeared to be a promising method here fore, as
TIRF microscopy had already been utilized successfully for the visualization of endocytic
carrier formation and the fusion of exocytic carriers with the plasma membrane (Merrifield et
al., 2002; Rohrbach, 2000; Toomre and Manstein, 2001; Toomre et al., 2000). A through-the-
objective TIRF-set-up was therefore established at MPI-CBG (see methods). Evanescent field
illumination was confirmed by the characteristic blinking exhibited by fluorescent beads in
aqueous suspension, while diffusing in and out of the narrow excitation zone (data not
shown). To test whether recycling could be visualized at all, human A431 cells previously
loaded to steady state with Alexa488-conjugated transferrin (TF) were imaged under
evanescent field illumination. TF fluorescence was observed as diffuse surface labelling and
within small vesicles of uniform size, distributed across the entire footprint of the cell
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4.0 4.2 4.4 4.6 4.8 5.0
0.0 1.4 2.4 4.0 4.8 6.0
6.2 6.4 6.6 6.8 7.0 7.2
Figure 9
B: GFP-Rab11 TIRFA: A488-TF TIRF
0.0 4.0 6.0 6.8 7.0 7.2
8.0 9.0 9.8 10.0 10.6 10.8
C: A488-TF TIRF + 10 µM Brefeldin A D: GFP-Rab4 TIRF + 10 µM Brefeldin A
0.0 0.2 0.4 0.6 0.8 1.0
1.2 1.4 1.6 1.8 2.0 2.2
Figure 9: Visualization of recycling events by time lapse Total Internal Reflection Microscopy 
(TIRF). Human A431 cells, either wild type (A and C, loaded to steady state with Alexa488-
Transferrin before the experiment) or stably expressing GFP-Rab11 (B) or GFP-Rab4 (D) (de 
Renzis et al., 2002; Sonnichsen et al., 2000), were imaged under evanescent wave illumination. 
Cells were maintained at 37C throughout the experiment. One full image frame is shown for each 
condition, the panel below depicts the temporal sequence of one fusion event occurring in the 
corresponding image sequence (the time in seconds is indicated). C, D: Fusion events in 
presence of Brefeldin A (BFA): Cells were pre-incubated with 10 uM BFA for 15 min prior to 
onset of the experiment and imaged thereafter in presence of the drug. Scale bar: 10 um.
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(Fig. 9A). An enrichment of such vesicles was often found at the characteristic
perinuclear position of the recycling compartment, indicating that parts of this membrane
system are within very close proximity to the plasma membrane.
Importantly, individual TF vesicles occasionally disappeared in a process involving
sudden brightening, followed by apparent expansion and rapid dimming to background levels
(Fig. 9A, lower panel). Such sequence of events has already been described previously
as the tell-tale signature of fusion events (Toomre et al., 2000), demonstrating the utility of the
method for characterizing recycling.
VI.2.1.2: Characterization of Rab-GTPases on recycling vesicles
The next question was whether any of the Rab-GTPases of the recycling pathway
would be present on vesicles fusing with the cell surface. Hence previously established A431-
cell lines stably expressing GFP-Rab5, GFP-Rab4 or GFP-Rab11 (Sonnichsen et al., 2000)
were imaged as before. These cell lines can be expected to accurately reflect the behaviour of
endogenous Rab proteins, since:
1.:  GFP-Rab chimeras are expressed at moderate levels
2.: The morphology of endosomal compartments is undistinguishable from the
parental cell line.
3.: The kinetics of TF-recycling are undistinguishable from the parental cell line (de
Renzis et al., 2002; Sonnichsen et al., 2000).
In TIRF illumination, Rab11-localization was morphologically very similar to the
previously observed TF labelling: GFP-Rab11 localized to small, punctate structures scattered
across the entire footprint of the cell (Fig. 9B). Highly intense perinuclear labelling was
commonly observed, presumably corresponding to membrane-proximal areas of the recycling
endosome. Rab11-positive vesicles were undergoing long-range bi-directional movements,
thereby commonly entering and leaving the evanescent field. A large pool of presumptive
vesicles was, however, immobile, presumably anchored to membrane-proximal cytoskeletal
elements. Importantly, such "docked" Rab11 vesicles could be observed to fuse with the
plasma membrane (Fig. 9B, lower panel).
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Next, GFP-Rab4 or GFP-Rab5 were imaged under identical conditions. Both GTPases
localized to large numbers of membrane-proximal vesicles (data not shown). Significantly,
however, neither Rab5 nor Rab4-vesicles were ever observed to fuse with the cell surface.
The interpretation of these results with respect to the recycling pathway is complicated by the
Golgi/TGN pools of Rab11 and its function in biosynthetic trafficking to the surface. The
unambiguous demonstration of TF exit by means of Rab11-positive recycling carriers would
consequently necessitate colocalization of Rab11 and TF on fusing vesicles. The required two
channel experiments were not possible on the microscopic set-up at the time. However, fusing
Rab11 and TF structures both appeared as small, resolution limited vesicles. In contrast, exit
carriers of the biosynthetic pathway have been described as tubular-saccular structures
(Toomre et al., 2000), providing further evidence for the recycling-function of the fusing
Rab11-vesicles. These data therefore suggested a tentative model of TF-recycling, involving
a) the transfer of TF from Rab4-domains into Rab11-domains, b) fission between Rab4 and
Rab11 domains, c) recycling of TF by fusion of such-Rab11 only vesicles with the plasma
membrane.
VI.2.1.3: Recycling in presence of Brefeldin A
The Fungal metabolite Brefeldin A (BFA) offered a possibility to partially test the
above model: BFA causes the formation of a tubular network uniformly positive for both
Rab4 and Rab11 (Sonnichsen et al., 2000), without a major influence on the recycling of TF
(Lippincott-Schwartz et al., 1991). Hence such compromisation of the Rab4/Rab11 domain
boundary might be expected to induce the participation of Rab4 in fusion events. First,
recycling of TF was imaged in the presence of 10 µM BFA. Despite the presence of the drug,
some Tf could still be observed in punctate structures. In addition, a striking dynamic
reticulum of TF-positive tubules became evident in the TIRF image sequences (Fig. 9C). This
membrane-proximal network was likely derived from recycling endosomes, since perinuclear
accumulations of TF were no longer detected in presence of BFA. Importantly, however, such
BFA-induced tubules still fused with the plasma membrane (Fig. 9C, lower panel). Fusion in
presence of BFA differed from fusion events under basal conditions in the following aspects:
First, fusion events were much brighter, suggesting the discharge of a greater number of TF-
molecules in each event. Second, individual fusion events lasted over several seconds
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(Fig. 9C, lower panel). Third, tubules often underwent multiple fusion events along
their lengths. Fourth, tubules were not always consumed in the fusion reaction, suggesting
kiss-and-run type transient fusions of the network with the plasma membrane. The fusion of
entire reticulum-segments provides an interesting explanation for the dichotomy between
major alterations of endosomal morphology, yet only moderate effects on recycling
efficiencies in presence of BFA.
Next, GFP-Rab expressing cells were imaged in presence of 10 _M BFA. In
agreement with previous data (Sonnichsen et al., 2000), BFA neither affected the morphology
nor induced fusion of Rab5-positive membranes (data not shown). However, both Rab11 (data
not shown) and Rab4-structures (Fig. 9D) were now converted into membrane-proximal
networks morphologically indistinguishable from the TF-reticulum induced by BFA. Likely,
the independently observed networks reflect the uniformly Rab4/Rab11/TF positive tubules
reported previously (Sonnichsen et al., 2000).
In GFP-Rab11 recordings, segments of such tubules were frequently observed to fuse
with the plasma membrane in a manner again closely resembling TF-fusions in the presence
of BFA. Strikingly, unlike under basal conditions, fusion events were now also frequently
observed in GFP-Rab4 image sequences (Fig 9D). Therefore BFA does indeed induce the
participation of Rab4 in fusion events. Within the limits of single-channel experiments, these
data are therefore compatible with the following model: Recycling carriers are positive for
Rab11 and are generated in a BFA-sensitive fission reaction from Rab4/Rab11 positive
structures. Inhibition of such fission step could conceivably lead to tubulation of endosomes,
rendered fusion competent by the uniform presence of the Rab11-machinery. Further studies
are required to confirm this preliminary hypothesis.
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VI.2.2: Molecular Characterization of Rab11-domain constituents
VI.2.2.1: Rab11 affinity chromatography
The above experiments suggested that the Rab11-domain functioned as exit point
from the recycling pathway and further emphasized the importance of a fission step between
Rab4 and Rab11-domains in recycling. I thought to further characterize these steps on a
molecular level, particularly hoping to identify molecules which could act at the domain
boundaries between Rab4 and Rab11. The identification of Rab11-effectors offered a feasible
experimental approach here fore.
The search for novel Rab11-effectors was carried out utilizing affinity-
chromatography methods previously established in the lab. First, a GST-tagged fusion
construct of human Rab11a was generated, expressed in E. coli and purified over glutathione-
sepharose. As judged by in vitro-nucleotide binding experiments with GTPγ35S, 60% of
recombinant GST-Rab11 was capable of stably binding the nucleotide (data not shown).
Having established the functionality of recombinant protein, affinity chromatography with
immobilized, nucleotide loaded GST-Rab11 was carried out as described (Christoforidis and
Zerial, 2000). Initial experiments, including alternative Rab11 constructs with N- or C-
terminal cellulose binding domains, were unsuccessful, as no nucleotide specific bands could
be obtained (data not shown). Increasing the magnesium concentration in incubation buffers
and utilizing pig brain cytosol instead of bovine brain cytosol eventually produced such bands
(Fig. 10A). GTPγS-specific bands were cut from the gel and subjected to MALDI-TOF
sequencing. Identified bands are indicated in Fig. 10A, Fig. 10C depicts schematic domain
representations of the corresponding proteins.
In order to confirm the hits as bona-fide Rab11 interactors, the cDNAs of
several such proteins were obtained. Dynactin-1, Centaurin β2 and Cyfip-2 could be obtained
as full length cDNAs (DKFZ-collection, KIAA-consortium and kind gift of Annette Schenck,
respectively). Full-length KIAA0701 and KIAA1468 were assembled from EST-clones.
GAPCenA was cloned by RT-PCR (see methods) and p100 was cloned using a gene trap
approach (see methods). Full length cDNAs were in vitro transcribed/translated in presence of
35S-Methionine and subjected to pull-down experiments with nucleotide loaded Rab11. As
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Figure 10: Identification of new Rab11-interactors. A: Recombinant GST-Rab11a was 
immobilized on glutathione beads, pre-loaded either with GDP or the slowly hydrolysable GTP-
analogue GTPγS and incubated with pig brain cytosol. After extensive washing, proteins bound 
in a nucleotide dependant manner were eluted with EDTA and analyzed by SDS-PAGE. Left 
lane: GDP-eluate. Right lane: GTPγS-eluate. Molecular weight standards are indicated to the 
left .Specific bands were excised and subjected to MALDI-TOF sequencing. Where known, the 
identity of the bands is indicated to the right. The sequencing results from several similar 
experiments are summarized in this figure. Large proteins were identified from dedicated low 
percentage gels. B: Schematic domain structure of the identified proteins (SMART 
representation). Proteins are drawn to scale. C: KIAA1468, p100, GAPCenA and possibly 
dynactin-1 are novel Rab-11 interactors. The indicated proteins were in vitro-
transcribed/translated in the presence of 35S-Methionine and subjected to pull-down experiments 
with 20 ul glutathione beads bearing nucleotide-loaded Rab11. Bound protein was eluted by 
boiling with SDS-PAGE buffer and analyzed by gel electrophoresis. 10% of the 
transcription/translation-input was run out (10% load) to estimate efficiency of binding. Specific 
binding is indicated by presence of the signal in the GTPγS - but not the GDP lane. 
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Figure 11: A: p100 is also present on the Rab4 column. Recombinant GST-Rab4a or GST-
Rab11a were immobilized on glutathione beads, pre-loaded either with GDP or the slowly 
hydrolysable GTP-analogue GTPγS and incubated with pig brain cytosol. After extensive 
washing, proteins bound in a nucleotide dependant manner were eluted with EDTA and analyzed 
by SDS-PAGE. Lanes 1 and 2: Rab4-affinity chromatography; lanes 3 and 4: Rab11-affinity 
chromatography. Candidate effectors are more prominent in the GTPγS-lanes (2 + 3) in 
comparison to GDP-lanes (1 + 2). The asterisk denotes the position of RUL, molecular weight 
standards are indicated to the left of the gel. B: RUL binds directly and selectively to Rab4 and 
Rab11 and does so in a nucleotide-dependent manner: RUL cDNA was in vitro 
transcribed/translated in the presence of 35S-Methionine and subjected to pull-down experiments 
with 20 ul glutathione beads bearing nucleotide-loaded Rabs as indicated. Bound protein was 
eluted with reduced glutathione and analyzed by SDS-PAGE. Continued overleave.
10% of the binding reaction-input was run out in lane 1 to estimate efficiency of binding. 
Specific binding is indicated by presence of the signal in the GTP- but not the GDP lane. C: 
Domain structure of RUL (SMART-representation), depicting the C-terminal HECT-domain and 
the N-terminal Ankyrin-repeats. A deletion series of the RUL open reading frame was 
constructed in order to map the binding sites of Rab11 and Rab4. The segment of the RUL-ORF 
covered by the respective construct is indicated below the domain structure representation. 
Individual deletion constructs were in vitro-transcribed/translated and assayed for Rab4/Rab11 
binding activity as in B. GTP-selective binding is denoted by a +, the number of symbols 
represents the relative strength of the interaction.  
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shown in Fig. 10B, p100, GAPCenA and KIAA1468 bind directly to Rab11 in a nucleotide-
dependant manner, thus identifying them as novel bona-fide Rab11 interactors. Likewise,
Dynactin-1 may, although weakly, interact in a nucleotide specific manner with Rab11. The
remaining bands on the column could either represent indirect interactions or background
contamination. Interestingly, none of the published Rab11-effectors were identified in these
experiments.
VI.2.3: Characterization of RUL
VI.2.3.1: RUL is a novel effector of Rab4 and Rab11
Considering the newly identified Rab11-interactors with respect to a potential
regulatory function at the Rab4/Rab11 domain interface, p100 represented the most promising
candidate: Intriguingly, p100 had already been identified as Rab4 interactor in Rab4-column
chromatography experiments (Fig. 11A). Moreover, inspection of the domain structure of
p100 revealed a HECT ubiquitin E3-ligase domain (Fig 11C). Given the function of mono-
ubiquitin as sorting signal (Hicke and Dunn, 2003), p100 might conceivably be involved in
cargo sorting at the Rab4-Rab11 interface.  For these reasons, p100 was chosen for further
characterization.
The cloned p100 cDNA very likely contains the entire open reading frame, because a)
the first ATG is preceded by a GC-rich region and multiple stop codons, b) the same start
codon has meanwhile been reported in two recent database entries (XM_045095 and
NM_020771) and c) the predicted molecular size of this 100 kDa protein (p100) is well in
agreement with the size of the band identified on the Rab4 and Rab11 affinity columns.
Besides the specific interaction with Rab11, in vitro- transcribed/translated p100 also
interacted nucleotide specifically with GST-Rab4, consistent with the Rab4-affinity
chromatography experiments (Fig. 11A). In contrast, no interactions could be detected with
Rab5 and Rab7 (Fig. 11B). Based on the specific interaction with two Rab proteins, the
protein was named RUL for Rab-interacting Ubiquitin Ligase. To further characterize the
binding site of Rab4 and Rab11, a set of deletion constructs was generated (Fig. 11C), in vitro
transcribed/translated in presence of 35S-Methionine and tested for Rab-interaction in pull
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down experiments. Accordingly, the major binding sites for Rab4 and Rab11 could be
delimited to a 300 amino acid fragment between Ankyrin repeats and HECT-domain. A
further possible binding site for Rab4 was detected within the Ankyrin repeats (Fig. 11C).
VI.2.3.2: RUL is an active ubiquitin ligase
Since sequence analysis predicted the presence of a HECT-domain in the C-terminus
of RUL, it was important to demonstrate experimentally that indeed the protein can function
as an E3-ligase. A reliable indicator for E3-ligase activity is the ability to accept activated
ubiquitin from the E1-E2 enzymes via a thiolester-bond to an absolutely conserved cystein
residue in the HECT domain (cystein 833 in the RUL-sequence). Ubiquitin attached to the
active site can be distinguished from substrate-ubiquitination by its sensitivity to reducing
agents, e.g. DTT (Ciechanover et al., 1982). Recombinant E1 and E2 were incubated in the
presence or absence of recombinant RUL, ATP, and biotinylated ubiquitin for 10 min at 30oC.
Thereafter, samples were subjected to SDS-PAGE analysis in the presence or absence of
DTT, transferred to nitrocellulose membrane and probed with HRP-streptavidin. As shown in
Fig. 12A, in addition to the E1 and E2 thiolesters, a band displaying the expected properties of
the RUL-ubiquitin thiolester was detected (see asterisk, lane 5). Such band depended on the
presence of recombinant RUL (see lanes 3-4), was DTT sensitive (compare lane 5 with lane
6) as well as energy-dependent (lanes 1-2). To verify the specificity of the observed RUL-
ubiquitin thiolester, recombinant RUL with cystein 833 mutated to alanine, which disables the
acceptor site and therefore precludes thiolester formation, was produced. Importantly, the
putative RUL-thiolester was undetectable in reactions containing the mutant protein, further
confirming the identity of the band. Altogether these results demonstrate that, as predicted for
a functional E3 ligase, RUL accepts ubiquitin from E1 and E2.
VI.2.3.3: Rab11 and Rab4 are not RUL substrates
Given that Rab11 and Rab4 interact with RUL, they could conceivably be substrates
of its ubiquitin ligase activity. The addition of recombinant GDP or GTP-_S loaded Rab11
and Rab4 to a complete in vitro-ubiquitination reaction as described above did not result in
the appearance of Rab-ubiquitin conjugates (data not shown). To rule out the possibility that
cofactors might be lacking in the reconstituted in vitro reaction, we also tested whether Rab4,
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Figure 12: A: Recombinant RUL displays E3-Ubiquitin ligase activity. In vitro-ubiquitination 
reactions were assembled from recombinant E1, E2, RUL, biotinylated ubiquitin and ATP. 
Individual reactions were incubated at 30C for 10 minutes and quenched thereafter by addition 
of SDS-sample buffer with- (lanes 2, 4, 6 and 8) or without DTT (lanes 1, 3, 5 and 7) in order to 
reveal thioesters as DTT-sensitive bands. Samples were analyzed by SDS-PAGE, transferred to 
nitrocellulose membranes and probed with HRP-strepatvidin to reveal biotin-Ubiquitin adducts. 
Molecular weight standards are indicated to the left, the position of the respective thioesters to 
the right. The RUL-Thioester is further marked by an asterisk. Both the V-shape and the relative 
shortness of bands in –DTT-lanes are caused by lateral diffusion of DTT from neighbouring 
lanes. Lanes 1 and 2: E1, E2 and RUL without ATP. Lanes 2 and 3: E1 and E2 without RUL. 
Lanes 5 and 6: E1, E2 and RUL in complete reaction. Lanes 7 and 8: E1, E2 and RUL with 
C833A point mutation. Continued overleave.
B: Rab4, -5 and -11 are not ubiquitinated in vivo: Each Rab was cotransfected as GFP-fusion 
construct into HeLa cells either with 6His-Ubiquitin or empty vector. 24 h post transfection, cells 
were lysed in 6 M guanidinium-hydrochloride, lysates were clarified and His-ubiquitin adducts 
were captured by incubation with Ni-agarose beads. Bound proteins were eluted with EDTA after 
extensive washing, analyzed by SDS-PAGE, transferred to nitrocellulose membranes and blotted 
with anti-GFP antibodies. Samples without His-Ubiquitin were processed in parallel as 
background control. Rab4, -5 and -11 are not ubiquitinated, since there are no apparent 
differences between the lanes with co-expressed His-ubiquitin (Lanes 5, 7 and 9) and 
background controls (Lanes 4, 6 and 8). In parallel, the sensitivity of the assay was verified 
using the established EGF-dependent mono-ubiquitination of Eps15 as positive control (C): 
Dishes of serum-starved A431-cells transfected with His-ub (Lanes 2 and 3) or without (Lane 1) 
were either stimulated for 5 min with 500 ng/ml EGF (lanes 1 and 2) or remained unstimulated. 
Samples were subsequently processed as described above. Membranes were blotted with 
antiserum against endogenous Eps15.   
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Rab5 and Rab11 were ubiquitinated in vivo. To this end, HeLa cells were cotransfected with
GFP-tagged Rab proteins and either His-tagged ubiquitin (Treier et al., 1994) or empty vector
as background control. Ubiquitinated species were purified from the cell lysate over Ni-
agarose beads under highly denaturing conditions and processed for Western blot analysis
using anti-GFP antibodies. Samples without cotransfected His-Ubiquitin were processed in
parallel to assess non-specific binding to Ni-agarose. Whereas the previously reported EGF-
dependent mono-ubiquitination of Eps15 could be clearly detected under the assay conditions
(Polo et al., 2002 and Fig. 12C), no ubiquitination of any of the Rab-GTPases tested was
detectectable (Fig. 12B): All signals on the blot result from non-specific retention on the Ni-
agarose matrix, as there is no difference between –His/+His-Ubiquitin lanes. These
experiments indicate that the interaction between RUL and the GTPases does not reflect an
enzyme-substrate interaction. More likely, the GTP-dependence and specificity of the
interaction suggest that RUL functions as a Rab11 and Rab4 effector, consistent with a
potential function in protein sorting between the two domains.
VI.2.3.4: RUL co-localizes with Rab4 and Rab11 on Golgi, but not on Endosomes
To address the intracellular localization of RUL, a rabbit antiserum was raised against
a recombinant fragment corresponding to the N-terminal region of RUL (amino acid residues
1-350, excluding the highly conserved HECT domain). Confocal immunofluorescence
analysis of HeLa cells stained with such affinity purified anti-RUL antibodies revealed the
following pattern of localization. First, RUL localized prominently to Golgi structures, as
shown by its co-localization with GM130 (Fig. 13) and TGN46 (data not shown). The nuclear
staining with the RUL antiserum most likely represents background reactivity, since, in
contrast to the Golgi staining, it was not abolished by pre-incubation with the recombinant
RUL fragment (data not shown). Secondly, consistent with the biochemical data, RUL co-
localized with Rab11 and Rab4 (Fig. 13A and 13B). In agreement with previous reports
(Benli et al., 1996; de Graaf et al., 2004; de Wit et al., 2001; Urbe et al., 1993), a fraction of
Rab11and Rab4 was present on Golgi membranes as shown by the partial colocalization with
GM130 (Fig. 13A and 13B). However, RUL colocalized primarily if not exclusively with the
Golgi pools of Rab11 or Rab4, as no colocalization was detected on transferrin-labelled
endosomes (Fig. 13A and 13B). Therefore, RUL is a novel GTP-specific interactor of Rab4
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and Rab11. However, unlike most other effectors of Rab4 and Rab11 identified to date, RUL
appears to interact selectively with the Golgi but not the endosomal pools of those GTPases.
VI.2.3.5: RUL knock-down
The localization pattern of RUL suggested that, contrary to expectations, RUL was not
functioning in recycling. Consistently, transferrin recycling is unaffected by overexpression of
dominant negative mutants and RUL knock-down by RNAi (data not shown). Instead, the
Golgi-localization suggested a function of RUL within the Rab4-Rab11 domains on the Golgi.
Since the characterization of RUL to this point already represented a significant investment, I
decided to continue the project by characterizing the function of RUL on the Golgi apparatus
by selective knock-down of the protein by RNA interference. First conditions were
established under which the transfection of RUL-specific dsRNA oligonucleotides into HeLa-
cells reduced RUL-immunoreactivity to almost background levels in the majority of cells
(Fig. 14A) and reduced total RUL protein levels to 60% (Fig. 14B). Whereas the morphology
of TFR-positive endosomes was unaffected (data not shown), RUL knock-down profoundly
perturbed the morphology of the Golgi. In RUL-RNAi-treated cells, the Golgi no longer
appeared as a ribbon-like structure, but fragmented and scattered throughout the cell as
visualized by GM130 staining (Fig. 14A). Fragmentation also extended to the TGN, since
TGN46 staining was similarly affected (Fig. 14A). Such dispersal effect was specific, as
laminin A- and GFP-RNAi did not affect Golgi morphology (data not shown). Interestingly,
the fragmented Golgi membranes retained their organization as judged by the maintained
colocalization between cis- medial-Golgi and TGN markers (GM130, TGN46, Fig. 14A;
GalT, data not shown). In this respect, the fragmentation phenotype caused by loss of RUL is
reminiscent of the fragmentation of the Golgi induced by microtubule depolymerization
(Wehland et al., 1983).
VI.2.3.6: RUL Mediates TGN-to endosome trafficking
The localization of RUL and the effects of RNAi on Golgi morphology suggested a
potential role of this protein in post-Golgi transport. Transport from the Golgi to the plasma
membrane and to endosomes was therefore examined. First, the delivery of VSV-G from the
A: Localization of RUL and Rab11
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B: Localization of RUL and Rab4
Figure 13: Sub-cellular localization of endogenous RUL. RUL co-localizes with GFP-Rab4 and 
GFP-Rab11, but only with their respective Golgi-pools (colocalizing with GM130) and not their 
endosomal (transferrin-positive) pools. HeLa-cells growing on coverslips were tranfected with 
GFP-Rab11 (A) or GFP-Rab4 (B). 20 h post transfection, Alexa-647 conjugated Transferrin was 
added to the growth medium to a final concentration of 15 ug/ml. The cells were fixed and 
processed for quadruple immuno-fluorescence 1 h post transferrin addition. Coverslips were 
imaged by confocal laser scanning microscopy. Images represent the projection of two adjacent 
focal planes in order to better visualize Golgi-Ribbons. The 4 individual Channels are shown at 
the top as grey-scale images. In order to classify the sites of colocalization between RUL and 
Rab11or Rab4 into Golgi- or endosomal structures, 2 different 3-channel RGB-representations 
of the same 4-channel image are depicted below: Transferrin (blue) + RUL (red) + Rab (green) 
in A-5 or B-11, GM130 (blue) + RUL (red) + Rab (green) in A-6 or B-12, respectively. Scale 
Bar: 10 µm. 
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Figure 14: A: RUL-knock-down fragments the Golgi-apparatus. HeLa-cells growing on 
coverslips were transfected either with anti-GFP RNAi-oligos (top) or with anti-RUL oligos 
(bottom). Cells were fixed 48 h post transfection and processed for immunofluorescence. 
Samples were triple labeled with antibodies against RUL (pseudo-colored red), TGN46 (pseudo-
colored green) and GM130 (pseudo-coloured blue). A representative cell is shown for each 
RNAi-treatment. Treatment with anti RUL RNAi leads to a substantial reduction in the RUL-
signal, the remaining signal is mostly due to nonspecific nuclear staining. B: RNAi-treatment 
also specifically reduces RUL levels in total cell lysate to about 60 %. Both the cis-Golgi marker 
GM130 and the TGN marker TGN46 are entirely fragmented by RUL-knock-down. Golgi 
Fragmentation was specific to RUL-knock down, since this phenotype was not observable under 
GFP-RNAi conditions. Scale bar: 10 µm.
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ER to the surface was measured, using an immunofluorescence assay. RUL-RNAi-treated
cells were infected with an adenovirus encoding the GFP-tsVSV-G mutant (Keller et al.,
2001) at the restrictive temperature of 39.5°C to accumulate the protein in the ER. After 8 h,
the cells were shifted to the permissive temperature of 31°C to resume exit of the protein from
the ER and transport through the Golgi to the surface. Cells were fixed after various time
points and surface delivery was scored by fluorescence microscopy. Despite the fragmentation
of the Golgi complex upon loss of RUL, no difference in surface delivery between RUL-
RNAi treated cells and control cells could be detected in the assay (Fig. 15A). Thus, RUL-
RNAi does not have a major effect on transit through the Golgi, exit from the TGN and TGN-
to-surface trafficking.
Second, to test whether RUL functions in Golgi to endosome trafficking, the transport
of cathepsin D was followed under RUL ablation. Cathepsin D is a lysosomal enzyme, which
is synthesized as a 53 kDa precursor, subsequently processed into a 47 kDa intermediate in
the Golgi, before final processing into the 31-kDa mature form in endocytic compartments
(Gieselmann et al., 1983). To measure cathepsin D trafficking, HeLa cells were first treated
with either RUL or control siRNA for 48h, then pulsed with 35S-methionine for 15min and
chased with cold methionine for 3 h. Both the cell lysate and the chase medium were collected
and subjected to quantitative immunoprecipitation with anti-cathepsin D antibodies. Fig. 15B
shows that under RUL knock-down conditions, the 53 kDa-precursor was almost
quantitatively secreted into the medium (lane 10). The intracellular forms, especially the 31
kDa mature form of Cathepsin D, were consequently much reduced relative to control levels
(lane 8 versus lane 7). The missorting of cathepsin D to the medium strongly implicates RUL
in the regulation of protein trafficking between TGN and endosomes.
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Figure 15: A: RUL-knock down does not affect VSV-G surface transport. HeLa cells growing on 
coverslips were treated with si-RNA against RUL (bottom panel) or mock-transfected (top panel) 
as control. 48 h post RNA-treatment, cells were infected with an adenovirus expressing a 
temperature-sensitive VSV-G-GFP fusion protein. Cells were allowed to express VSV-G for 8 h 
at the restrictive temperature of 39.5 C, at which the construct remains trapped in the ER. 
Subsequently, cells were shifted to 31 C, which allows a concerted wave of ER-exit. Coverslips 
were removed at suitable time-points, fixed and processed for immunofluorescence with RUL-
antiserum. Representative fields of view are shown for the 30-, 60- and 120 min of chase. The 
rates of VSV-G surface delivery as judged by the appearance of GFP-signal in thin protrusions 
at the cell edge was indistinguishable between control- and anti-RUL RNAi samples, despite the 
striking fragmentation of Golgi-compartments in RUL-RNAi-samples. Scale bar: 10 µm. 
B: RUL-knock down causes secretion of Cathepsin D-precursor. HeLa cells were transfected 
with anti-RUL dsRNA-oligos or anti-Laminin oligos as control. 60 h post transfection, cells were 
pulse-labeled with 35S for 15 min. Following a chase of 1 h (lanes 3 to 6) or 3 hours (lanes 7 to 
10), the medium was collected, cells were washed and lysed.  Cathepsin D was immuno-
precipitated from both Lysate (lanes 3, 4 and 7,8) and medium (lanes 5,6 and 9, 10). Molecular 
weight standards are shown at the left edge of the panel. The position of cathepsin D-processing 
products is indicated in the centre. At 3 h, the mature form of Cathepsin D is apparent in anti-
laminin lysate samples, whereas very little cathepsin D is detectable in the medium (lane 9). The 
opposite effect is apparent under RUL-knock down conditions, where hardly any mature form is 
detectable in cell lysates (lane 8), because the precursor has been largely secreted into the 
medium (lane 10). 
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VI.2.4: Potential RUL-substrates
VI.2.4.1: RUL two-hybrid screen
The next goal was to find the mechanism of RUL in Golgi-to endosome
transport. Likely such function would involve RUL's E3-ubiquitin ligase activity: RUL could
exert its function via ubiquitination either of cargo or of machinery components acting in
Golgi- to endosome trafficking. To identify such hypothetical RUL-substrates, I carried out a
yeast two hybrid interaction screen. The screen was carried out with full length RUL as bait.
The C833A-mutant was utilized in order to prevent putative ubiquitination and degradation of
interacting prey constructs. The bait construct was expressed well in yeast, had no inhibitory
effects on either growth or mating efficiency and did not cause any detectable auto-activation
(data not shown).  Screening of 3x106 clones out of adult human brain library resulted in
several hundred positive colonies, probably owing to the inherently low stringency of the
commercial screening system used. 200 colonies were analysed by extraction and sequencing
of the prey plasmid. Most preys were only sequenced once, indicative of a high background.
However, Rab4 was isolated in two independent clones, thus providing an internal positive
control. Putative interactors were ranked according to the number of independent clones
isolated (see legend to Fig. 16 for a detailed description). The highest ranking putative
interactors are shown in Fig. 16A. Schematic domain representations thereof are provided in
Fig. 16B.
The two most highly ranking interactors, Optineurin and KIAA0842, offered both no
immediate conceptual link to Golgi-Endosome trafficking. Interestingly, two different Sorting
Nexins (SNX) were amongst the sequenced clones. SNX family members are clearly
implicated in trafficking between Golgi/TGN and endosomes (Hettema et al., 2003; Nothwehr
and Hindes, 1997), making them attractive candidate-RUL substrates. I therefore
characterized the SNX further, despite their comparatively low ranking.
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VI.2.4.2: SNX6.5 interacts with RUL and is ubiquitinated in vivo
The two SNX-clones isolated in the two hybrid screen corresponded to a) an
isoform of SNX3B, containing an additional insert. b) a novel SNX with very high similarity
to SNX6. The analysis of both clones was impeded by incomplete splicing of the original prey
constructs. The SNX3-clone is likely an incompletely spliced splicing intermediate of SNX3b
(on basis of EST- and genomic DNA-alignments, data not shown), and was therefore
discarded. The fully spliced cDNA for the novel SNX was obtained from an EST sequence.
Given its very high degree of homology to SNX6 (See alignment in Fig. 17A), the novel SNX
was named SNX6.5. Pull-down experiments with GST-RUL and in vitro-
transcribed/translated SNX6.5 confirmed the interaction between the two proteins (Fig. 17B).
Thus, SNX6.5 is a likely interactor of RUL, confirming its isolation in the two hybrid screen.
Under the previously utilized in vitro-conditions, RUL was neither able to ubiquitinate
in vitro- transcribed/translated SNX nor recombinant SNX (data not shown). However, in
vivo, SNX6.5 is strongly ubiquitinated (Fig. 17C). Interestingly, ubiquitination is specific to
SNX6.5: Neither SNX3B, SNX12, nor the highly homologous SNX6 were detectably
ubiquitinated under the experimental conditions. Further, the ubiquitinated residues are likely
located at the C-terminus of SNX6.5, since the C-terminally truncated product of the
SNX6.5A-splice intermediate is not ubiquitinated (Fig. 17C). Interaction with RUL, however,
likely involves the N-terminus, since the original prey construct isolated from the two hybrid
screen corresponded to the C-terminally truncated the SNX6.5A-splice intermediate.  Future
experiments are needed to establish a causative link between RUL and SNX6.5 ubiquitination.
VI.2.4.3: Localization of SNX6.5
Preliminary localization experiments with overexpressed HA-tagged SNX6.5
indicated predominantly endosomal localization, no colocalization with Golgi- or TGN
markers could be detected under steady state conditions (data not shown). Further, the
localization pattern of HA-SNX6.5 remained unchanged in response to co-overexpression of
dominant negative RUL-mutants (data not shown). These data do not rule out ubiquitination
of the SNX by RUL. However, it became clear at this point that a mechanistic concatenation
between RUL, SNX6.5 and TGN-endosome trafficking would require substantial further time
investments beyond the original intent of the thesis proposal. I therefore decided to
discontinue the work on SNX6.5 in favour of renewed emphasis on the conceptual core of my
thesis project.
Protein Independent Clones Category
Optineurin 4 A
Map1A 3 A
Map1B 2/2 re-isolates A
KIAA0842 2/3 re-isolates B
RanBPM 2 B
KIBRA 2 B
KOY T-BP 2 B
Rab4 2 B
Kif5c 1 C
Kif2c 1/2 re-isolates C
SNX3C 1/2 re-isolates C
SNX6 .5E 1 C
Figure 16 
A: RUL 2-Hybrid Screen Summary
B: Domain Representation of Interaction Candidates
Optineurin
KIAA0842
MAP1B
SNX3C
SNX6.5E
Figure 16: Yeast 2-Hybrid screen for putative RUL substrates. A: Candidate proteins obtained 
from positive yeast colonies are listed. Candidates were ranked in the following way: Category 
A: Isolation of more than two independent clones (Map1B is included due to the very high 
degree of homology with Map1A within the interacting region).  Category B: Isolation of two 
independent clones. Category C: Only re-isolations of the same clone and/or presence of 
multiple family members. The candidate status of MAP1A/1B, however, is severely diminished by 
the isolation of the same regions of the two proteins in an independent two hybrid screen (E. Yus, 
unpublished), suggesting strong auto-activating properties of these proteins. B: SMART-domain 
representation of selected candidate RUL-interactors. The putative RUL-interacting region, as 
inferred from the clone inserts, is boxed. Optineurin has been published as Rab8 effector and 
also displays weak nucleotide-specific interaction with Rab11 (data not shown). KIAA0842 
colocalizes with RUL on the Golgi apparatus and high-level overexpression entirely relocalizes 
the Golgi apparatus into cell periphery (data not shown), thus warranting future investigations. 
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Figure 17: A: SNX6.5 is highly homologous to SNX6. The polypeptide sequences of SNX6 and 
SNX6.5 were aligned using the CLUSTALW-algorithm. Identical residues are marked by * and 
bright-yellow highlighting, conservative changes by : and light yellow highlighting, semi-
conservative changes by . . B: RUL interacts with SNX6.5 in vitro. SNX6.5 cDNA was in vitro 
transcribed/translated in presence of 35S-methionine and subjected to pull-down experiments 
with 20 ul of glutathione beads bearing recombinant GST-RUL C833A. Beads coupled to GST 
were used as non-specific background control. C: SNX6.5 is specifically ubiquitinated in vivo. 
HA-SNX6.5 was cotransfected into HeLa cells either with 6His-Ubiquitin or empty vector. 24 h 
post transfection, cells were lysed in 6 M guanidinium-hydrochloride, lysates were clarified and 
His-ubiquitin adducts were captured by incubation with Ni-agarose beads. Bound proteins were 
eluted with EDTA after extensive washing, analyzed by SDS-PAGE, transferred to nitrocellulose 
membranes and blotted with anti-HA antibodies. Lysate samples without cotransfected His-
ubiquitin were processed in parallel as background control. Crude lysate samples provide an 
expression control for each SNX. HA-SNX3B, HA-SNX6.5A and HA-SNX12 are not 
ubiquitinated, as no differences are apparent between lanes with/without co-expressed His-
Ubiquitin. HA-SNX6.5, however, is ubiquitinated, indicated by His-Ub specific high molecular 
weight species. Interestingly, the highly homologous SNX6 is not detectably ubiquitinated under 
steady state conditions.  
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VI.3: Rab-Domain dynamics in endosomal cargo sorting
Are Rab-domains stable or can they be assembled and disassembled? Is cargo
transferred in transient encounters between stable Rab-domains, or does the regulated
assembly/disassembly of Rab-domains on cargo-delimiting membranes drive transport
reactions? For instance, previously reported experiments (Sonnichsen et al., 2000) and my
own TIRF-experiments showed Rab-domain separations by fission events in the course of
cargo transfer along the recycling pathway. However, the observation of such fission events is
insufficient to conclude that cargo is transferred between stable domains: Prior to the fission
event, the "downstream domain” (for example, Rab4) could be assembled de novo within the
upstream domain (Rab5 in this example). Hence, the underlying transport mechanism could
still be based on de novo-assembly of Rab-domains and the associated changes in membrane
identity. The above example further illustrates two key technical requirements for the
experimental differentiation between the two mechanisms of transport: First, the need to track
individual endosomes over time intervals significantly longer than the half time of cargo
transit through the compartment. Second, the ability to accurately quantify the amount of Rab
proteins associated with individual endosomes throughout the observation interval.
VI.3.1: Assay development: Imaging and Quantification
VI.3.1.1: Development of long-term imaging routines and validation thereof
Initial imaging experiments utilizing a conventional wide-field epifluorescence set-up
as used by Sonnichsen et al. (Sonnichsen et al., 2000) were sufficient to demonstrate domain
separations between Rab5/Rab4 and Rab4/Rab11 (data not shown), but endosomes could not
be traced accurately enough to be conclusive. Nevertheless, these experiments defined a set of
criteria which had to be met by life cell sequences suitable for the intended analysis:
1.:  Speed: 2 frames/sec required for reliable tracing of small structures.
2.: Minimal Excitation energies:  To avoid photobleaching/phototoxicity over the
anticipated observation intervals.
3.: Multi-channel capacities: To carry out the simultaneous analysis of Rab5, Rab7 and
cargo.
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4.: 4D: To exclude the loss of endosomes by movements perpendicular to the focal
plane.
Confocal z-stacks acquired with opened pinholes and under the highest scan-rates
offered by the instrument eventually met these criteria. Further, the imaging protocols
appeared not to cause any appreciable photo damage even during extended imaging, as judged
by the following criteria: First, cells did not contract, but often continued to expand. Second,
photo bleaching of GFP over a typical 30 min. experiment was below 20 % of total signal
(Fig. 18E). Third, cells continued to take up LDL from the medium throughout the experiment
(see Fig. 25B).
The detection limit of the experimental set-up was determined using GFP-tagged
Rotavirus-like particles as standards for fluorescence calibration (Charpilienne et al., 2001).
Accordingly, the smallest structures visible in the image sequences contained approximately
300 molecules of GFP-Rab5 (Fig. 20C). Reliable tracking (see below) required a minimum of
630 (+/- 150, n=3) GFP-Rab5 molecules. Whereas the majority of endosomes contained 2-
3x103 molecules of GFP-Rab5, the few brightest and biggest structures were found to bear
over 2x104 GFPs (see calibrated fluorescence distribution, Fig. 20C).  Most importantly,
inspection by immunofluorescence microscopy of the very same structures previously
visualized by high-speed imaging (Fig. 20D), showed that they corresponded to essentially the
entire complement of EEA1-positive membranes, thus establishing that the tracked structures
are bona fide Rab5-positive early endosomes.
VI.3.1.2: Development of automated tracking-tools and validation thereof
In parallel to the development of suitable image acquisition protocols the requirement
for automated endosome tracking and quantification was pursued. Initial test of commercial
tracking programmes were dissatisfactory, as none of the products tested was capable of
coping with the highly dynamic nature of early endosomes (peak velocities of 5µm/sec (our
own measurements, data not shown), frequent fusion and fission events and high endosome
densities). A collaboration with Dr. Yannis Kalaidzidis was therefore initiated to develop a
novel set of suitable analysis tools. Throughout the development process, the accuracy of the
tracking procedure was ensured by iterative rounds of comparisons between manual- and
automated tracking of a set of model endosomes. This method was also utilized for the
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Figure 18: A: Individual Z-stacks in image sequences of GFP-Rab5 expressing cells (4 images 
per Z-stack, 2 stacks/sec) were collapsed either by maximum projection (MP, top) or simple 
summation (S, bottom). Corresponding frames are shown. The improved contrast in MP 
sequences is advantageous in tracking. B: Both MP and S-sequence were tracked automatically. 
The total fluorescence traces of four randomly chosen endosomes (Red: MP, Black: S; scaled to 
equalize average total fluorescence) are shown. MP and S traces are essentially identical over 
medium-and long term time intervals. Differences are largely restricted to short term 
fluctuations, likely representing noise. C: Radius distributions (R, top) and Intensity distribution 
(I: Total fluorescence divided by 2x cross sectional area, bottom) of endosome measurements 
from the either MP (red) or S-projected (black) sequence are shown. Evidently the distributions 
are very similar, except that the peak in MP data sets occurs at lower R-values. Likely R-
estimates from MP datasets are actually the more accurate, owing to the higher contrast offered 
by this projection method. D: 3 independent 4D-sequences were collapsed by either MP or S, 
tracked automatically and the resulting endosome measurements were plotted as I-R diagrams 
(see Fig. 22 for explanation). The average trend line of MP (red) and S (black) are shown. The 
slope of the trend line is unaffected by the projection method. Differences occur mostly at large 
r-values, were the curves are poorly supported by statistics. Thus, under the coarse optical 
sectioning conditions utilized in this study (see Materials and Methods), MP does not 
significantly distort fluorescence signal measurements. 
E: To assess the extend of photo-bleaching, a GFP-Rab5 expressing cell was imaged under 
standard conditions over 25min, the resulting sequence was collapsed by maximum projection 
and tracked automatically. The summed total fluorescence of tracked vesicles per image frame 
(red, fitted by a single exponential function shown in blue, with Tau = 528.937) is shown on top, 
the number of tracked vesicles per image frame (fitted by linear regression, blue with slope -
0.0106065 * t), below. The traces reflect the typical bleaching of GFP-fluorescence over the 
course of image sequences, which was found to be generally below 20% of total GFP-signal.  
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Figure 19: A: Quantification of automated tracking accuracy. A GFP-Rab5 expressing cell was 
imaged under standard conditions (4 images per Z-stack, 2 stacks/sec) and tracked 
automatically. The tracks of 48 randomly chosen structures were compared to manual tracing of 
the same structures. Tracks without any errors (error categories are described below) and 
terminating either in fusion with other centres (operationally defined as overlap over more than 
five consecutive frames) or in fade-out (successive dimming to background levels) were 
classified as correct. Errors were categorized as: Break: Premature termination of automatic 
track. Switch: Track continuation after transient overlap of two centres in disagreement with 
manual tracing. Jump<10: Erroneous automatic connections at track ends, track termination 
within 10 frames of error. Jump>10: Erroneous connection to other centre and track 
continuation thereafter over more than 10 frames. A typical distribution of tracks between the 
individual categories is shown. B: The same analysis was carried out on four independent 
sequences, considering 188 tracks in total. The absolute occurrence of the different categories is 
shown as mean +/- standard deviation (n = 4). Continued overleave. 
C: Track assembly accuracy of Motiontracking II on a per frame basis: Average track length 
across the data set multiplied by the number of correct tracks yielded the total number of correct 
track continuations in the data set. The number of "Wrong" continuations was given by the total 
of tracks within error categories. Accordingly, 99.4% of track continuations between frames 
were correct, 0.6% wrong. This total percentage of wrong tracks was broken down further 
according to the relative frequency of individual error types (B). 
D: To rule out the influence of systematic errors in endosome radius measurements on the slope 
of the I/R diagrams (Fig. 22), numerical simulations were carried out.  The ratio between “real” 
and apparent endosome radii is given by the correction function shown in D. I/R-diagram trend 
lines were corrected by dividing them through the correction function. The influence of such 
correction was only minor above the resolution limit (0.25 um), owing to the shallow slope of the 
correction function in these regions (see materials and methods).
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Figure 20: A: Schematic representation of experimental set-up for tracking of individual 
endosomes in living cells. 1: Fast confocal 4D-imaging at 8-10 frames/sec. Imaging was carried 
out at 37C. 2: The Z-stacks obtained for each time point were collapsed into one pseudo-3D 
image plane by maximum projection. All subsequent processing steps were carried out on 
maximum projection sequences, since fluorescence intensity values were sufficiently preserved 
(Fig. 18). 3: Computational modelling and subsequent quantification of endosomes. 4: Tracking 
of individual endosomes across the image sequence. Steps 3 and 4 were carried out with the 
Motiontracking II software (see experimental procedures). B: Comparison between raw- and 
processed data after centre identification and -fitting by Motiontracking II. In essence, all 
structures visible in the maximum projection (left) are recognized and modelled by the software 
(right). To the right, the raw (top) versus modelled (bottom) fluorescence intensity 
representations of the endosome boxed in the maximum projection are shown. The close 
correspondence demonstrates that the computational model is capable of reconstructing also 
complex intensity distributions. Scale bar: 3 um.  C: The experimental set up was calibrated by 
imaging Rotavirus-like particles, each bearing 120 molecules of GFP (Charpilienne et al., 
2001) at the same time and under the same microscope settings as the conventional images in 
Fig. 19D (see below). Motiontracking II was used to quantify image fields of individual virus 
particles. The distribution of calibrated total fluorescence measurements, fitted by a set of 
Gaussian curves, is shown. The major peak corresponding to single virus particles demarcates 
the fluorescence signal of 120 molecules under conventional imaging conditions. Individual 
high-speed sequences were calibrated by making use of the computational image alignments 
between the live cell in the last frame of the high speed sequence and the conventional image of 
the same fixed cell, as described in D. The minimum number of GFP-Rab5 molecules required 
for tracking of an endosome in life cell sequences was taken as the cross section point between 
the total fluorescence distribution curves of tracked structures (red) versus non-tracked 
structures (black). Accordingly, 630 molecules of GFP represent the limit for reliable tracking 
(630 +/- 150, n = 3) and about 300 molecules of GFP is the minimum number sufficing for 
visualization.  D: Comparison between high-speed and conventional imaging: Life-cell image 
sequences were acquired and the cells were fixed on the microscope by perfusion of fixative. 
Following immunolabelling of EEA1, a marker protein of early endosomes, the cell featured in 
the life recording was re-identified and imaged under conventional confocal laser scanning 
conditions. The resulting image (right, GFP-Rab5: Green; EEA1: Red; overlap: Yellow) was 
computationally aligned with the last frame of the life cell sequence prior to perfusion of the 
fixative (left, GFP-Rab5 labelling only).                                          . 
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essential experimental assessment of the accuracy of the programme: Based on a dataset
comprising 200 endosomes from three different image sequences, the tracking accuracy
between successive frames was determined to be 99.4% (Fig. 19A and B). Premature track
termination accounted for the majority of errors. Wrong connections occurred only in 0.08%
of cases. Consequently, track sets spanning over 100 frames (corresponding to approximately
30 sec) are correct to over 99% (Fig. 19C).
VI.3.2: Rab5 domain dynamics
VI.3.2.1: Stability of Rab5-domains on individual early endosomes
Having established the experimental set-up for long-term tracing of individual
endosomes, the stability of Rab5 on membranes was the first question to be addressed. Two
main scenarios can be distinguished: Should Rab5-domains be dynamic and transient
assemblies on membranes, GFP-Rab5 endosome traces would be expected to undergo "fade
in" and "fade out" (gradual brightening from/dimming to background level). Rab5 domains
stably maintained over time, on the other hand, would be incompatible with the observation of
such events. In order to gain first indications with respect to the two scenarios, the amount of
GFP-Rab5 associated with individual endosomes was analyzed over the course of the
sequence. Fig. 21B shows such total fluorescence over time-traces of the six endosomes
circled in Fig. 21A. All six endosomes could be tracked over 7 minutes and longer. Two
conclusions could be drawn from this initial analysis. First, the half-life of Rab5-positive early
endosomes is in the range of 2 minutes, as estimated from the distribution of track lengths
(data not shown). Second, the majority of tracks (70%) are terminated because of homotypic
fusions with other Rab5-positive endosomes. These data therefore indicate that, at least the
bulk of early endosomes is not subjected to rapid turnover. Second, the amount of Rab5
associated with a given endosome was unexpectedly found to vary considerably over time, as
GFP-Rab5 fluorescence traces generally exhibited strong fluctuations (Fig. 21B). The
possibility that these fluctuations are imaging artefacts can be ruled out for the following
reasons: First, fluctuations are out of phase, excluding changes in laser intensity. Second, they
occur over the time course of tens of seconds, making movements between focal planes an
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unlikely cause. Third, in two colour tracks (see below, Fig. 24B), fluctuations of the GFP-
Rab5 signal are not paralleled by fluctuations in cargo fluorescence.
 Interestingly, close inspection of the underlying image sequences revealed that the
frequent sharp upstrokes in a trace could mostly be attributed to fusion events with other GFP-
Rab5 positive endosomes. The frequency of such upstrokes suggests that early endosomes
undergo more than two homotypic fusion events per minute. However, despite such high
frequency of homotypic early endosome fusions in vivo, the fluorescence signal of individual
endosomes did not increase in a step-wise manner, because fusion events were generally
followed by a rapid loss of Rab5 from the membrane. The loss was not mediated by visible
fission events, which were also observed, albeit with much lower frequency than fusion
events. Therefore, either fission of vesicles too small to be detected or extraction of Rab5
from the membrane via Rab-GDI (Ullrich et al., 1993) could possibly explain such removal
mechanism. The latter possibility appears to be more likely, since the loss of Rab5 often
proceeds without a change in diameter of the structure (see below), inconsistent with the
removal via membrane-associated Rab5.
Importantly, in some cases, the loss of Rab5 from a structure was found to proceed to
apparent completion, as illustrated by the progressive dimming of the GFP-Rab5 fluorescence
to background levels in the total fluorescence trace presented in Fig. 21C (top panel, shaded
section). The radius of such structures clearly resolved by the microscope optics remained
constant throughout the dimming process (Fig. 21C, bottom), ruling out breakdown as trivial
cause for this effect. Such rapid, i.e. catastrophic, fade-out events were reproducibly observed,
although fusion was by far the predominant mode of track termination. Further, fade-out
events occurred most frequently amongst big, vacuolar-like endosomes. Altogether, these data
neither rule out transient- nor stable membrane association of Rab5: Rather, GFP-Rab5
appears to be stably maintained on membranes over long periods of time. However, under
certain circumstances, complete and irreversible dissociation can occur.
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Figure 21: GFP-Rab5 structures within a 
typical sequence (4 images per Z-stack, 2 
stacks/sec) were tracked automatically. Six 
endosomes were highlighted for further analysis 
(the absence of erroneous track connections 
was confirmed by manual analysis, see also 
supplementary movie 1). A: Subcellular 
localization of the 6 exemplary endosomes 300 
sec after the start of the sequence. Red pixels 
demarcate structures modelled by the tracking 
software. Scale bar: 3 um. B: Colour-coded 
plots of the total fluorescence-over-time traces 
of the above endosomes. All traces are 
characterized by strong fluctuations, 
demonstrating that the amount of Rab5 
associated with individual endosomes is not 
constant over time. C: Fluctuations are mainly 
caused by encounters with other endosomes.  
The total fluorescence trace of endosome 6 
(yellow trace, top) is shown above the radius 
trace of the same endosome (black, bottom). 
Arrows denote the temporal position of 
encounter events apparent in the image 
sequence. F = Fusion, E= Encounter, Fi = 
Fission. F was operationally defined as 
coalescence without subsequent fission, E as 
coalescence immediately followed by fission 
and Fi as splitting of a previously stable 
structure. The orange shading highlights the 
phase of terminal Rab5-loss from the structure.
53
VI.3.2.2: Population dynamics of Rab5-domains
Since fade-out events were observed relatively rarely during the visual inspection of a
small set of endosome tracks, it was of interest to confirm the non-permanent membrane
association of the Rab5-machinery by a systematic analysis of all endosome tracks within
various image sequences. Given that large endosomes appeared to undergo fade-out
preferentially, a correlation between the surface density of GFP-Rab5 and the size of the
endosome appeared to be plausible. To investigate such correlation, the very large number of
individual endosome measurements in a track set (typically 300 000 for a 15 min sequence)
were subjected to a histogram analysis of Rab5 fluorescence intensity (I, defined as total
fluorescence divided by the cross sectional area of the structure) versus Radius (R). The
individual data points were widely scattered, as expected from the low signal-to-noise ratio of
the image sequences and from the fluctuations displayed by the individual tracks (Fig. 21B).
Strikingly, however, the I/R-plot revealed that the intensity of Rab5 labelling increased with
the increasing size of the structures and the magnitude of such increase far exceeded the
systematic error inherent to optical radius measurements (Fig. 22A and 19D). Assuming that
the majority of visible endosomes corresponded to individual structures, and further
approximating them to spherical vesicles, these data suggested that large endosomes generally
have a higher Rab5 surface density than smaller endosomes. In the case of very large
structures, however, this trend appeared to reverse again, although the significance of this
observation was tempered by the low density of data points in this region of the histogram.
Even though the correlation between endosome size and intensity was not deterministic, as
indicated by the broad scattering of individual endosome measurements, it is highly
reproducible between independent sequences (Fig. 22B).
The characteristic I/R relationship of GFP-Rab5 endosomes could either reflect a
general progression from small and dim- to large and bright structures, or, alternatively, the
existence of distinct, albeit partially overlapping, populations of endosomes with discrete I/R
ratios. The observation that the data points contributed by individual, long tracks generally
scattered over the entire width of the I/R diagram, argued for the first hypothesis (Fig. 22C).
Therefore, the possibility of systematic intensity or radius changes during the lifespan of
endosomes was investigated next. Interestingly, when examining large sets of tracks, a net
increase of both I and R over the observation interval was always detected. The magnitude of
the net change was always smaller than the standard deviation of the measurement, consistent
with the large fluctuations and occasional fission events observed on the single track level.
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Figure 22: A: The large number of individual endosome measurements resulting from automated 
tracking of a typical GFP-Rab5 sequence (4 frames/Z stack, 2 Z-stacks/sec) were plotted as 2D-
Histogram according to their Intensity (Total fluorescence divided by 2x cross sectional area) 
and Radius (effective radius) values. The radius resolution limit in these experiments was 
experimentally determined to be 0.25 um (see experimental procedures). The large number of 
individual measurements scatters into a broad cloud (Grey). The positive slope of the trend line 
(Black, representing the average intensity value of each radius bin) indicates increasingly 
intense Rab5-labelling with increasing radius of endosomes. Such positive slope is not an 
artefact of the systematic error in radius measurements, as the slope of the corrected trend line 
(red, shifted up for better visibility; see Fig. 19C for details) is almost identical for structures 
above the resolution limit. The correction was therefore omitted for all further graphs in this 
figure (continued overleave).                                                                         .                                 
B: The size dependent intensity increase is a general feature of Rab5-positive endosomes. The 
radius-intensity trend lines obtained from three independent sequences acquired as before (raw 
trend lines: Grey, smoothened trend lines: Black. Average of smoothened trend lines: Red) are 
shown. The central regions of the trend lines are essentially identical between independent 
sequences. The divergence at large radius values is likely due to the low data densities in these 
regions (see A). C: Measurements from a single track spanning 900 frames (Red; tracking 
verified manually) were highlighted within the total cloud of data points (Grey). This 
representation shows that individual endosomes can traverse the breadth of the intensity-radius 
diagram during their life-time. D: The total set of tracks from three independent sequences was 
randomly fragmented into segments of 100 frames. The average changes in intensity and radius 
over 100 frames was determined from this data set. The arrows represent such radius-intensity 
vectors obtained from three independent sequences. The positive slope of these vectors 
demonstrates that on average, both radius and intensity of individual endosomes increase, 
causing a left-to-right progression along the intensity- radius diagram.
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Figure 23: A: Movement of single endosomes: A spatial plot of the track coordinates visited by 
the six exemplary endosomes from Fig. 21A is shown, superimposed on the last frame of the 
sequence. The tracks are color coded as in Fig. 21. B: Population analysis of endosome 
movements. Four independent sequences, each spanning 13 min, were analyzed and tracked 
automatically. The image frame was sub-divided into quadrants and the net flow of tracked 
endosomes within each quadrant was calculated. The direction of the arrows indicates the local 
direction of net flow over the entire observation interval. The vector fields are shown 
superimposed on the last frame of the sequence. The non-random orientation of flow vectors in 
the cell periphery indicates that on average, Rab5 endosomes move towards the cell centre. 
Contraction as trivial cause for apparent directional flow can be excluded, since the cells 
expanded during the course of the sequence (the outline of the cells at the start shown in red is 
shown superimposed over the last frame of the sequence). The red asterisk denotes the likely 
position of the MTOC, inferred from the local accumulation of endosomes. 
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Nevertheless, this result is significant for the following reasons: First, the standard error of the
measurements was very small, owing to the large data sets. Second, the net increases were
independent of the length of the track fragments (between 50 and 600 frames). Third, all
sequences examined invariably displayed a net increase in both radius and intensity (Fig.
22D). On the whole, therefore, early endosomes grow in size and concomitantly increase the
surface density of GFP-Rab5, thereby causing the characteristic shape of the I/R diagram.
VI.3.2.3: Changes in Rab5 dynamics are linked to the movement of early
endosomes
Visual inspection of GFP-Rab5 image sequences often generated the impression of
coordinated movement towards the cell centre, indicating potential coordination of the
population behaviour of GFP-Rab5 positive endosomes and endosome motility. Individual
endosomes were often found to move within a small sub-cellular area (Fig. 23A). However,
when computationally analyzing the movement of all endosomes within a cell, a net
centripetal motility over most cellular areas was always detected (except for the cell edge,
where rearrangements occurring during cell locomotion likely disturb the analysis; Fig. 23B).
The observed directionality is not a mere consequence of cell contraction, since all cells
analysed actually expanded during the imaging (solid red line: circumference in first frame,
shown superimposed on the last frame of the sequence). The directional component relative to
total flow was small, consistent with the observation of largely random movements at the
single-endosome level.
Thus, endosomes not only grow in radius and intensity over time, but also undergo a
concomitant net movement from the periphery to the centre of the cell. A number of important
conclusions follow from these findings: Since the directional changes were observed under
steady state conditions, one must deduce that the Rab5-positive state of membranes is not
maintained indefinitely. Instead, Rab5 undergoes a continuous redistribution from large
structures in the cell centre to small structures at the cell periphery. The emergence of small
structures in the cell periphery is consistently visible in the image sequences (data not shown).
It appears likely that the required loss of large structures is achieved by the fade-out events
observed at the single-track level. This system analysis therefore strengthens the earlier
conclusion, that the Rab5 machinery is not indefinitely associated with membranes.
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Figure 24: A: Transferrin exit from Rab5-positive structures. The stable GFP-Rab5 A431 cell 
line was pre-loaded with Alexa555-Transferrin to steady state levels and was subsequently 
imaged during the continuous uptake of the tracer from the medium at 37C. One two-colour z-
stack (4 image planes) was acquired every 1.15 sec. Individual time points out of the maximum-
projected sequence are shown. Tubular transferrin-carriers frequently project out from a single 
endosome (asterisk). Top: Transferrin signal only. Bottom: Merge, Rab5: Green, Transferrin: 
Red. B: Transferrin sorting from LDL. Wild-type A431 cells were imaged during the continuous 
uptake of DiD-LDL and Alexa488-Transferrin from the medium at 37C. One two-colour z-stack 
(4 image planes) was acquired every 1.15 sec. Individual time points out of the maximum-
projected sequence are shown, depicting the frequent formation of tubular transferrin-carriers 
(asterisks) from a single LDL-positive core. Top: Transferrin signal only. Bottom: Merge, 
transferrin: Green, LDL: Red.
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VI.3.3: Rab5-domain dynamics and sorting into the recycling pathway
Given the observed loss of Rab5 from membranes, the next set of experiments was
carried out to investigate the possibility that the dynamic membrane residency of Rab5 could
be related to the transfer of cargo between endosomal subcompartments. Since both the
recycling pathway and the degradative pathway emanate from Rab5-positive early
endosomes, the loss of Rab5 could relate to cargo transfer into either pathway. Alternatively,
the observed dynamics could be unrelated to transport processes. In order to test these
possibilities, two-channel imaging protocols were set up to visualize the dynamics of Rab5 in
relation to the transport of cargo.
First, the transfer of cargo into the recycling pathway was examined by perfusing
GFP-Rab5 expressing cells with serum-free medium containing 3 µg/ml Alexa594-labelled
transferrin (TF). As expected, the TF-signal accumulated rapidly in GFP-Rab5 positive
endosomes irrespective of their subcellular position (data not shown). As reported previously
(Sonnichsen et al., 2000), dim, TF-positive/Rab5 negative tubules were frequently extending
out from such GFP-Rab5 cores (Fig. 24A). Three aspects of such exit-events are noteworthy
in this respect:
1.: Only a minor part of the total TF-content of an endosome was exiting in any one
budding event.
2.: Multiple budding events from a single endosome were observable over time.
3.: Rab5 persisted on the endosome throughout and after the budding process (Fig.
24A).
These observations rule out that the loss of Rab5 from membranes is related to the transfer of
cargo into the recycling pathway. Exit of recycling cargo is not a one-time only event, but
occurs frequently throughout the Rab5-positive life time of endosomes.
VI.3.4: Rab5-domain dynamics and sorting into the degradative pathway
In order to address whether Rab5-fade out events could instead channel cargo into the
degradative pathway, the uptake of fluorescently labelled LDL into GFP-Rab5 expressing
cells was followed. Cells were allowed to internalize fluorescently labelled LDL for 10 min
prior to the onset of imaging. As expected, LDL was found to accumulate in GFP-Rab5-
positive early endosomes (Fig. 25A, B). The LDL-content of individual endosomes increased
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Figure 25: LDL exit from Rab5-positive structures. A: The stable GFP-Rab5 A431 cell line was 
imaged during the continuous uptake of DiI-LDL from the medium at 37C. One two-colour z-
stack (4 image planes) was acquired per second for a total observation period of 40 min. A 
single maximum-projected frame out of a typical sequence is shown. At this time point the cell 
had been exposed to DiI-LDL for about 30 min. A single maximum-projected frame out of a 
typical sequence is shown. At this time point the cell had been exposed to DiI-LDL for about 30 
min. GFP-Rab5: Green, DiI-LDL: Red. The white asterisk marks the endosome featured in panel 
B.  B: The total fluorescence traces of Rab5 (green) and LDL (red) are shown at the bottom. 
Inset: Radius trace (Black) of the LDL-structure and Rab5 total fluorescence trace (green) 
during Rab5 catastrophe: The radius of the endosome remains nearly constant throughout the 
loss of Rab5. The image panel depicts the featured endosome approximately centred in the 
frame. 3 morphological stages of Rab5-perimeter labelling are distinguished: ∞: Full Rab5-
perimeter labelling. #: Rab5 perimeter labelling dimmed almost to background levels shortly 
before completion of Rab5-catastrophe. +: Apparently restored Rab5-labelling is due to the 
temporal association of the LDL-core with a separate endosome, which was already tracked 
before (+-label in 37.2 min frame). C: 22 Rab5/LDL positive structures randomly chosen from 
three independent sequences were classified according to their mode of LDL-exit from the Rab5-
positive compartment.
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continuously over time, in an almost linear fashion (Fig. 25B). The brightening in the LDL-
channel was paralleled by changes in the Rab5-channel. Small at first, LDL-positive
endosomes gradually expanded, turning into vacuolar structures of ring-like morphology.
Such expansion could be partially attributed to frequent fusion events with other GFP-
Rab5/LDL positive structures (for example Fig. 25B, 18.6 min). During this progression, the
Rab5 signal displayed the typical total fluorescence fluctuations described above (Fig. 21B),
the rapid upstrokes after longer phases of decline could again be mostly attributed to
homotypic fusion with smaller Rab5-structures (data not shown). Further, recycling cargo
continuously cycled through such expanding endosomes, as shown in parallel imaging
experiments visualizing the joint internalization of A488-TF and DiD-labelled LDL in non-
GFP expressing A431 cells. Repeated budding of TF-positive recycling carriers from
brightening LDL-cores (Fig. 24B) indicate that throughout the expansion phase, endosomes
fuse with plasma-membrane derived CCVs. Further, whereas degradative cargo is retained
and accumulates, recycling cargo is continuously removed in budding recycling carriers.
However, in contrast to TF, fission events of small, LDL-positive and Rab5-negative
structures from the primary ring-like structures were only seldom observed.
Interestingly, the apparent exit of LDL from early endosomes, as indicated by a loss of
colocalization between LDL and Rab5, did not occur through a vesicle budding step but rather
by a relatively rapid, i.e. “catastrophic”, fade-out of the Rab5 signal around the perimeter of
the LDL-structure (Fig. 25B, 25C). The radius of the LDL-core hardly changed throughout
this process (Inset Fig. 25B). Often, LDL-structures that had just undergone such GFP-Rab5
catastrophe were found to transiently associate with GFP-Rab5-bearing endosomes (Fig.
25B). However, such associations were never found to re-establish labelling of Rab5 along
the full perimeter of the membrane. Therefore, such events likely represent peripheral
interactions with distinct vesicles, no longer able to fuse with the LDL-containing structure.
This interpretation is confirmed by careful visual inspection of the underlying movie
sequences. Following loss of GFP-Rab5, LDL-positive structures tended to be much more
motile than Rab5-positive structures of comparable diameter and often underwent tubulation
and fusion with similar LDL-positive structures (data not shown).
The sequence of events described above represents the general mode of transition from
Rab5-positive to Rab5-negative membranes. First, the time scale of Rab5 turnover on cargo-
bearing structures was in the range of the kinetics of transport along the degradative pathway
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(Dunn and Maxfield, 1992; Futter et al., 1996; Stoorvogel et al., 1991). Second, the cells were
continuously cultured in the presence of serum, ruling out effects induced by signalling
processes in response to external stimuli. Third, the loss of colocalization between LDL and
Rab5 on 21 randomly chosen double-positive structures from three independent sequences
was subjected to systematic analysis. The results of this quantification are shown in Fig. 25C.
All tracks eventually progressed to complete separation between Rab5 and LDL, which
always occurred by Rab5 catastrophe. Rab5-structures were never observed to lose their
content of LDL. Thus, LDL exits from Rab5-positive early endosomes by loss of Rab5 from
the cargo delimiting membrane. The possibility that some LDL is also exiting by budding of
small transport carriers invisible in our experimental system can not be excluded. However, a
major contribution of such mechanisms appears to be unlikely, since the high concentration of
fluorescent LDL in the Rab5/LDL double-positive structures should facilitate rather than
impair the detection of even small budding vesicles.
VI.3.5: Conversion from Rab5 to Rab7 during early-to-late endosome transport
The above results suggested that loss of the Rab5-machinery from the limiting
membrane might be mechanistically linked to the transport of cargo along the degradative
pathway. This raised the question whether the loss of Rab5 was coordinated with the
acquisition of Rab7, thus reflecting the transition from early to late endosomes. To visualize
the dynamics of the two Rab proteins simultaneously during transport events, an mRFP-
tagged Rab5 expression plasmid was constructed. Correct targeting and functionality of the
chimera were indicated by extensive colocalization with co-expressed GFP-Rab5 and the lack
of morphological alterations of endosomal compartments at low levels of expression (data not
shown). Cells co-expressing mRFP-Rab5 and GFP-Rab7 were imaged during the continuous
endocytosis of DiD-labelled LDL from the culture medium. Consistent with previous results,
LDL was found to accumulate in large, perinuclear Rab5-positive endosomes (Fig. 26A).
These endosomes were either devoid- or contained only low amounts- of Rab7. Again, such
LDL-positive endosomes eventually underwent Rab5 catastrophe. Remarkably, the Rab7-
signal increased in parallel with the loss of Rab5. The end result of this process was a
conversion of the endosomes containing LDL from Rab5-positive/Rab7-negative to Rab5-
negative/Rab7-positive on the membrane perimeter (Fig. 26B). The traces presented in
Fig. 26C together with other sequences (not shown) suggest that Rab5 catastrophe and
acquisition of Rab7 are not sequential, but directly coupled. Both the life-time of Rab5/LDL
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positive endosomes as well as the kinetics of Rab5 catastrophe occurred in the range of the
reported rates of transport along the degradative pathway. Similar results were observed both
under conditions of transient expression, as well as in a stable cell line constitutively
expressing the two tagged Rab proteins (data not shown). Altogether, these data suggest that
the coordinated conversion between Rab machineries is the molecular signature of the
transition of cargo from early to late endosomes.
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Figure 26: Rab5 to Rab7-transition. A: Wild type A431-cells were transiently cotransfected with 
GFP-Rab7 and mRFP-Rab5 and imaged during the continuous uptake of DiD-LDL from the 
medium at 37C. Rab7 and DiD-LDL images were acquired simultaneously, mRFP-Rab5 in an 
independent scan (causing the colour channel shift evident in panel 26B). One three channel 
frame was acquired every 4.6 sec, hence only a single focal plane could be acquired. The total 
observation interval was 60 min. A single frame out of a typical sequence is shown. At this time 
point the cell had been exposed to DiD-LDL for about 30 min. mRFP-Rab5: Green, DiD-LDL: 
Red, GFP-Rab7: Blue. The white asterisk marks the endosome featured in panel B. The featured 
endosome is always approximately centred in the frame. The corresponding total fluorescence 
traces of Rab5 (green) and Rab7 (blue) are shown in C: Traces were scaled to the DiD-LDL 
signal to counteract the z-movements of the endosome with respect to the single image plane.
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VII. Discussion
Endosomal membranes have been proposed to consist of a mosaic of Rab domains
(Zerial and McBride, 2001). Early endosomes, representing the branching point between
recycling and degradative pathway, represent an intersection point for many such Rab
domains. During the course of my thesis work, I investigated aspects of Rab domain
compartmentalization in both trafficking pathways:
I: Definition of the "exit domain" of recycling cargo by evanescent wave microscopy
II:   Biochemical characterization of Rab11 domain constituents
III: Investigation of long-term Rab domain dynamics in transport between Rab5 and
Rab7-positive endosomes.
VII.1: Definition of the exit point of recycling cargo (I)
The recycling pathway branches off from early endosomes, the entry point of cargo into
the endosomal system, and takes recycling cargo back to the cell surface. Besides its
importance in basal membrane trafficking, the recycling pathway appears to be utilized for a
wide variety of accessory functions, for example as readily mobilizable membrane pool for
the rapid expansion of the plasma membrane surface (Cox et al., 2000; Naal et al., 2003) or as
storage compartment for various plasma membrane receptors (Gaborik and Hunyady, 2004;
Park et al., 2004). The two GTPases Rab4 and Rab11 have been shown to have a central role
in the organization of the recycling pathway: Their membrane domains structure the recycling
pathway and are sequentially traversed by recycling cargo (Sonnichsen et al., 2000). The
disturbance of such organization by overexpression of Rab4- or Rab11 mutants leads to
altered kinetics of transferrin recycling (Ullrich et al., 1996; van der Sluijs et al., 1992).
However, one central question regarding the organization of the recycling pathway remains
unanswered: From which stage is cargo returning to the surface and how are such recycling
carriers made?
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In order to address this question, evanescent wave microscopy was utilized in this study
to directly visualize the fusion of recycling carriers with the surface. Interestingly, only
Rab11-, but neither Rab4- nor Rab5-positive vesicles were seen to undergo fusion with the
plasma membrane. Given the additional localization of Rab11 also to Golgi/TGN membranes
and its function in secretory trafficking to the cell surface (Chen et al., 1998, see below), the
Rab11-positive fusion carriers visualized here could also be derived from Golgi/TGN
membranes. For the following reasons, this possibility appears to be unlikely:
1.: The small, Rab11-positive vesicles observed to undergo fusion were
morphologically very similar to fusing transferrin-positive vesicles.
2.: Exocytic transport carriers in TGN to surface trafficking involve "large, tubulo-
vesicular structures (Polishchuk et al., 2003; Toomre et al., 2000)".
3.: Brefeldin A-treatment affected Transferrin and Rab11 carriers in an equal manner.
Therefore these data are the most direct evidence to date that the Rab11-domain serves
as exit point from the recycling pathway. Further, they extend the present view of the
recycling pathway by the following steps: First, Cargo returns to the plasma membrane in
Rab11 positive recycling carriers. Second, such carriers bud from Rab4-compartments in a
most likely Arf-dependant manner. Moreover, the observation that Rab11 is localized on such
carriers provides an important starting point for the molecular characterization thereof.
Whether Rab11-carriers are the only return pathway to the surface or whether there are
additional recycling carriers operating in parallel, remains an important question for further
studies. The bi-phasic kinetics of TF-recycling (Hopkins and Trowbridge, 1983; Mayor et al.,
1993; Presley et al., 1993) has been traditionally interpreted in favour of two recycling
pathways: A "fast" return pathway emanating directly from early endosomes and involving
Rab4, and a "slow" recycling pathway via the Rab11-positive recycling endosomes (Maxfield
and McGraw, 2004). According to this view, the Rab11-positive carriers visualized here
would likely mediate slow recycling. Interestingly, however, no Rab4-positive structures were
observed to undergo fusion with the plasma membrane under basal conditions. This
observation does not rule out a Rab4-dependent return route to the surface as first, the
comparatively high surface-background of GFP-Rab4 under TIRF-illumination could possibly
obscure dim fusion events. Second, hypothetical Rab4-carriers might discharge their cargo in
kiss-and run-type fusion events, which would not be detectable as such in single channel
recordings. Third, Rab4-negative recycling carriers might bud from the Rab4-domain.
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However, Sonnichsen and co-workers have shown that the recycling pathway is
organized as a mosaic of Rab-domains, comprising Rab5/Rab4/Rab11-, Rab4/Rab11- and
finally only Rab11-positive vesicles (Sonnichsen et al., 2000). Thus, Rab11 is found all along
the recycling pathway. Accordingly, one class of Rab11-positive carriers would be sufficient
for returning recycling cargo from several way stations along the recycling pathway, whereby
their origin from different compartments would also be expected to give rise to complex
recycling kinetics. Clearly, more experiments will be needed to resolve these points. In
particular, multi-channel TIRF experiments should be able to clarify if the Rab11-negative TF
recycling carriers, as required by an independent, Rab4-mediated recycling pathway, exist at
all. Further, by employing TF-pulse/chase protocols in such experiments, it should be possible
to determine whether Rab11-carriers are derived from "late" or/and "early" stages of the
recycling pathway, as predicted by a Rab11-only recycling model.
Interestingly, Rab4-positive membranes could be induced to fuse with the plasma
membrane in presence of the fungal metabolite Brefeldin A (BFA). Brefeldin A inhibits Arf-
GTPase GEFs (Donaldson et al., 1992; Helms and Rothman, 1992) and its effects are
particularly well understood in case of Golgi membranes: Inhibition of Arf-dependent exit
carrier budding results in rapid Golgi-tubulation and redistribution into the ER, presumably
because tubules retain the fusion competency of exit carriers (Chardin and McCormick,
1999). Similarly, BFA converts recycling endosomes in a tubular network (Lippincott-
Schwartz et al., 1991), likely by inhibiting an Arf-dependent fission step between Rab4 and
Rab11 domains (Sonnichsen et al., 2000). Consistently, inactivating point mutants of Big2, an
Arf1/Arf3-selective GEF, have recently been shown to phenocopy the BFA-induced
conversion of recycling endosomes into a uniformly Rab4/Rab11 positive network (Shin et
al., 2004). In light of the data reported here, the fusogenicity of such tubules likely results
from the uniform presence of the Rab11-machinery. Thus, the apparent participation of Rab4
in fusion events is likely an indirect consequence of compromised domain boundaries.
As the BFA-induced merge between Rab4 and Rab11 domains does not inhibit
recycling, what may be the function of the domain separation event under basal conditions?
This question is accentuated by the fact that the Rab4-domain appears to be an evolutionarily
rather "late" addition to an ancient recycling pathway, as neither S. cerevisiae nor C. elegans
possess a Rab4-homologue. It is tempting to speculate that the insertion of a Rab-domain
module would allow an additional sorting step. In this light, one possible function of the
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Rab4-domain could be the separation of recycling cargo from molecules en route on a
retrograde endosome to Golgi pathway, which is utilized by shiga toxin and TGN38 (Mallard
et al., 1998; Sandvig et al., 2004). Accordingly, the BFA-induced merge of Rab4-Rab11
domains should retard toxin trafficking to the Golgi by causing abnormal recycling of toxins
to the cell surface. Interestingly, BFA does indeed block retrograde trafficking of shiga toxin
B (Kojio et al., 2000; Mallard et al., 1998), causing its accumulation in the transferrin-positive
recycling endosomal network (Wilcke et al., 2000). Whether shiga toxin B also recycles under
these conditions will be an important question for further experiments.
Considering the domain organization of the recycling pathway in general leads to
further important questions. First, what is the relationship between the peripheral Rab11-
domains and the perinuclear-Rab11 only recycling endosome? Do these represent independent
membranes of distinct molecular identity and function or does this arrangement reflect solely
differential positioning along cytoskeletal elements? The re-accumulation of Rab11-positive
vesicles in cytoplasts devoid of the perinuclear recycling compartment would be consistent
with such hypothesis (Sheff et al., 2002). Accordingly, Rab11 positive recycling vesicles
could have two possible fates: Either direct fusion with the plasma membrane, possibly after
engagement of the actin cytoskeleton (Hales et al., 2002; Lapierre et al., 2001; Lindsay and
McCaffrey, 2002), or, alternatively, perinuclear translocation and fusion with recycling
endosomes, possibly dependent on engagement of the tubulin cytoskeleton and minus-end
directed motors. In this context the identification of Dynactin-1 and Kiaa1468 as potential
Rab11 effectors (see below) may be of significance.
Second, as also this study emphasizes the importance of Rab11-domains in the
recycling pathway, the presence of substantial Golgi/TGN pools of Rab11 (Benli et al., 1996;
de Graaf et al., 2004; Urbe et al., 1993; Chen et al., 1998) appears to be even more puzzling.
Similarly, Rab4-domains are not only a central element in the architecture of the recycling
pathway, but again, substantial pools of Rab4 localize to Golgi-TGN structures (de Wit et al.,
2001). What is the relationship between the Golgi/TGN and endosomal pools of the two
GTPases? And, phrased more generally, how can the alleged function of Rab-GTPases in
determining the molecular identity of a compartment be reconciled with their presence on
biochemically distinct organelles? Both these questions will be addressed in the following
section.
63
VII.2: Biochemical characterization of the Rab11-domain (II)
As the characterization of Rab5-domain constituents has provided considerable
insights into the functional organization of early endosomes (Christoforidis et al., 1999a;
Christoforidis et al., 1999b; McBride et al., 1999; Miaczynska et al., 2004; Schnatwinkel et
al., 2004), the identification of Rab11 effectors could be expected to provide mechanistic
insights into the molecular organization of the recycling pathway. In view of the
morphological data presented above, molecules functioning at the Rab4/Rab11 domain
interface were of special interest. An affinity chromatography screen for Rab11-effectors was
therefore carried out, identifying four new Rab11-interactors. The proteins are briefly
presented below in light of a potential function in the organization of the recycling pathway:
1.: Dynactin-1 (p150), which, although weakly, may interact with Rab11 in a
nucleotide-dependant manner. Dynactin-1 acts as adaptor for the recruitment of the
minus-end directed dynein-motor complex onto membranes (Schroer, 2004). Such
link between Rab11-domains and dynein could be instrumental in the scission of
Rab4/Rab11 domains and/or in biogenesis of the perinuclear recycling endosome.
2.: KIAA1468, a thus far uncharacterized protein with an N-terminal Lis1 homology
domain and a C-terminal HEAT-repeat. Interestingly, the Lis-1 domain indicates a
function in conjunction with the dynein/dynactin complex (Emes and Ponting,
2001; Kim et al., 2004).
3.: GAPCenA, which has been published as partially centrosome-associated Rab6-
specific GAP (Cuif et al., 1999). Experiments are currently under way to test the
hypothesis that the Rab6-GAP activity may be stimulated by Rab11 binding, thus
ensuring the sequentiality of transport between Rab6 and Rab11 compartments via
trans-domain dynamics regulation (see below).
4.: p100, a novel protein with 6 N-tereminal Ankyrin repeats and a C-terminal HECT-
Ubiquitin E3-ligase domain. For this reason the protein was termed RUL (Rab-
interacting Ubiquitin Ligase). Importantly, RUL had been identified previously as
Rab4-interactor (S. DeRenzis, unpublished), suggesting immideately a potential
function at the Rab4/Rab11 domain interface. RUL was therefore characterized
further, as described below.
The above set of molecules is of further interest, as none of them has been identified in
previous screens for Rab11 interactors. Conversely, none of the Rab11-interactors identified
previously by Yeast two hybrid screens or biochemical methods could be identified in the
screen reported here. The lack of redundancies between the different screening methods
64
suggests that many Rab11 effectors remain unidentified, such that Rab11 probably interacts
with a similarly high number of effectors as Rab5.
VII.2.1: RUL
Contrary to expectations, however, RUL neither localizes to- nor functions in the
recycling pathway, but instead localized to- and functioned on Golgi-TGN membranes. This
result was unexpected, as all the other Rab4/Rab11 effectors known at that time localized to-
and functioned in the recycling pathway, consistent with the structural role of the two
GTPases in the recycling pathway. On the other hand, pools of Rab4 and Rab11 are present
on Golgi-membranes. The Golgi-selectivity of RUL is therefore of conceptual importance, as
it demonstrates the distinct molecular identity of these pools.
This finding is not unprecedented, as also Rab5 effectors have been shown to localize
specifically to sub-areas of the total Rab5-positive membrane territory: EEA1 and Rabenosyn-
5 localize selectively to the PtdInsp3-positive early endosomes, Appl-1 to a pool of small,
membrane-proximal vesicles and Rabankyrin-5 preferentially localizes to nascent
macropinosomes. First, as the distribution of Rab-effectors can be more selective than the
distribution of Rab-GTPases, these examples resolve the aforementioned discrepancy between
broad localization of Rab-GTPases in face of their function as molecular identity cues.
Secondly, these examples illustrate the combinatorial use of Rab-GTPases with other identity
cues in establishing the unique molecular identity of individual membrane compartments. A
direct consequence thereof would be the molecular context-dependence of Rab-domains.
Although Rab4 does not stimulate PtdIns(3)P production itself (H. Shin, unpublished), several
Rab4-effectors contain PtdIns(3)P-binding domains. Possibly these effectors depend on
PtdIns(3)P provided in trans by neighbouring Rab5-domains on the same membrane structure
in mediating their early endosome selective recruitment. Interestingly, PtdIns4-kinase beta has
recently been identified as further Golgi-selective interactor of Rab11 (de Graaf et al., 2004).
Hence the distinction between Rab11 domains on endosomes or on the Golgi/TGN could be
the presence of PtdIns(4)P, analogous to the role of PtdIns(3)P in Rab5-domain formation.
Preliminary experiments, however, could not demonstrate an interaction between RUL and
PtdIns(4)P (data not shown).
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Regardless the mechanism by which RUL localizes, its presence in Rab4/Rab11
domains expands the functional portfolio of Rab domains by an E3 ubiquitin ligase activity.
Such expansion further emphasizes the general importance of Rab-domains in coordinating
the multiple individual functions of a membrane compartment. Since both ubiquitination and
Rab GTPases are associated with multiple trafficking steps (Hicke and Dunn, 2003; Zerial and
McBride, 2001), the recruitment of ubiquitin ligases into the defined biochemical
environment of a Rab-domain may represent a general principle, by which the activities of the
two important classes of membrane-trafficking regulators are coordinated.
Data from yeast and also recently from mammalian cells indicates that ubiquitin may
have a conserved function in TGN to endosome trafficking. Hence RNAi-techniques were
utilized to study such potential function of RUL. RUL-RNAi treatment resulted in a dramatic
fragmentation of Golgi/TGN cisternae reminiscent of the effect of microtubule-
depolymerization by nocodazole. VSV-G secretion, however, appeared to be unaffected, as
judged by a microscopic assay.  Therefore these results indicate that the Golgi-fragments
remain functional, as also seen under nocodazole induced Golgi-fragmentation (Van De
Moortele et al., 1993). Interestingly, however, RUL-knock down resulted in an almost
quantitative secretion of the cathepsin D-precursor into the culture medium, which is
indicative of disturbed trafficking between Golgi/TGN and endosomes. In face of the
maintained secretion competence under identical conditions it is unlikely that the cathepsin D
secretion is an indirect consequence of a general alteration of Golgi structure. This
interpretation is supported by the finding that Golgi-fragmentation induced by Nocodazol
does not lead to Cathepsin D secretion (Scheel et al., 1990). These results therefore are
consistent with a function of RUL in Golgi to endosome trafficking.
According to one scenario, RUL could function by ubiquitinating components of the
machinery required for this transport route. Interestingly, a novel Sorting Nexin (SNX6.5)
was identified by two hybrid screening in search of putative RUL-substrates. SNX are
strongly implicated in trafficking events between Golgi and endosomes (Hettema et al., 2003;
Nothwehr and Hindes, 1997; Seaman et al., 1998): Loss of Vps5 function, the orthologue of
SNX1 and SNX2, produces a Vacuolar Protein Sorting defect, the functional equivalent of
cathepsin D secretion (Rothman and Stevens, 1986). RUL and SNX6.5 interact in in vitro-pull
down experiments and SNX6.5, but not the highly homologous SNX6, is ubiquitinated in
vivo. At steady state, RUL and SNX6.5 do not colocalize, as SNX6.5 is predominantly
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endosomal. However, this does not preclude RUL mediated ubiquitination of SNX6.5, nor a
function of SNX6.5 in trafficking between Golgi and endosomes: Also the retromer
components SNX 1 and -2 are predominantly endosomal, despite an established function in
mannose 6-phosphate receptor trafficking between endosomes and Golgi (Arighi et al., 2004).
SNX6.5 could transiently colocalize with RUL during a dynamic functional cycle. Further
experiments will be needed to unambiguously establish SNX6.5 as RUL substrate and to
elucidate its functional mechanism.
Altered ubqiquitination of Golgi-to endosome transport machinery might also account
for the observed Golgi-fragmentation in response to RUL-ablation, as this effect may be
consequent to defective Golgi/TGN-endosome trafficking. Alternatively, the RUL E3-ligase
activity may be directly required for the maintenance of Golgi structure. Several recent reports
indicate in fact a requirement for ubiquitination in post-mitotic Golgi-Reassembly (Meyer et
al., 2000; Meyer et al., 2002; Wang et al., 2004). On this basis collaboration was established
with Yanzuhan Wang and Graham Warren at Yale university. Interestingly, preliminary
experiments indicate that RUL is in deed required for re-assembly of Golgi ribbons after
mitosis (Y. Wang, unpublished). Further, RUL knock down causes mitotic arrest of HeLa
cells and RUL displays a striking midbody localization during mitosis (my unpublished
results), indicating potential additional functions during mitosis.
Overall, therefore, RUL likely ubiquitinates a diverse set of functionally unrelated
substrates. Such broad substrate specificity appears to be a common property of E3- ubiquitin
ligases (Pickart, 2004), which poses the problem of the spatio/temporal control of ligase
activity. A clue to this question may be provided by the GTP-dependent interaction with
Rab11 and Rab4 on the Golgi. Since our results rule out that the Rab proteins themselves are
RUL-substrates, the interaction with the two GTPases may serve to enrich Golgi-localized
RUL within local membrane subdomains or, alternatively, might activate the enzyme only
focally, at sites of co-localization with Rab4 or Rab11. Both scenarios would limit substrate
ubiquitination to a specific trafficking step within a membrane sub-compartment, thereby
adding an additional level of spatio-temporal regulation to ubiquitination.
What is the function of the Golgi-associated pools of Rab4 and Rab11? At least for
Rab11, a potential function in conjunction with RUL's requirement in maintaining Golgi
structure is unlikely, as Rab11a/b knock down with antisense-expressing retroviruses leaves
the Golgi-ribbons largely intact. Rab4 however has been shown to interact with Giantin, a
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Golgi-matrix protein, by Yeast two hybrid (P. Van Der Sluijs, unpublished). However,
altogether, the above results would be most compatible with a bridgehead-function of the
Rab4/Rab11 pools in trafficking between Golgi/TGN and endosomes. Although it is clear that
Golgi/TGN and endosomes are connected by multiple anterograde and retrograde trafficking
pathways, these remain poorly characterized on the molecular level. Rab4 and Rab11 could
either act cooperatively in the same pathway, utilizing RUL as bivalent effector according to
the Rabenosyn-5/Rabaptin-5 paradigm (de Renzis et al., 2002). Alternatively, they could each
mediate independent trafficking pathways, regulating the function of RUL in different sub-
domains of Golgi/TGN.
An interesting possibility would be pathways connecting the respective Rab-domains
on Golgi and endosomes. As for Rab11, the transient colocalization of secretory cargo with
TF in polarized cells (I. Mellman, D. Toomre, in preparation), could conceivably occur by
such a pathway, which would be further compatible with the block of secretory trafficking by
Rab11-dominant negative mutants (Chen et al., 1998). An endosome-Golgi retrograde
transport pathway, on the other hand, would follow logically from the afore proposed model
on Rab4-function in the recycling pathway. However, regardless the particular function
envisaged for the Golgi-pools of Rab4 and Rab11, the existence of Rab domains on the
Golgi/TGN is evoked. In fact, the Rab-domain concept is particularly appealing in this
context, as first, a large number of Rab-GTPases (and many members of other small GTPase
family branches) localize to Golgi-TGN membranes. Second, an understanding of Golgi/TGN
morphology and function necessitates a very high degree of compartmentalization. Both
factors together warrant an experimental investigation of Rab-proteins on the Golgi-complex.
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VII.3: Long term Rab domain dynamics in transport between
early and late endosomes (III)
Given the central function of Rab domains in determining organelle identity and
orchestrating the flow of cargo (Pfeffer, 2001b; Zerial and McBride, 2001), the dynamics of
such domains become central to understanding the architecture and function of the endosomal
network. Yet the dynamics of Rab-domains have not been explored in the context of
endosome biogenesis and maintenance, especially in the course of intracellular transport. To
fill this gap, I have focused the final part of my thesis research directly on the investigation of
Rab domain dynamics in the endocytic pathway and their role in cargo flow through early
endosomes. These experiments led to three key findings.
Rab domains, by example of the Rab5 domain, are not permanently maintained on individual
early endosomes, but the number of associated molecules fluctuates over time before,
eventually, being completely lost in a catastrophic dissociation.
The dynamics of Rab5-membrane association are coordinated with a functional cycle of
endosomal membranes that grow and accumulate degradative cargo while moving from the
periphery to the centre of the cell, where Rab5 catastrophe eventually occurs.
Rab5 catastrophe on large structures occurs concomitantly with the acquisition of Rab7, and
such Rab-conversion outlines the mechanistic basis of progression of cargo from early to late
endosomes.
VII.3.1: Mechanism of Transport between Early- and Late endosomes
Considered in conjunction with my results on the organization of the recycling
pathway, these data suggest a model, whereby dynamic association and dissociation of Rab
GTPases become key aspects of endosome function and cargo progression along the
endosomal pathway (Fig. 27A): Rab5-positive early endosomes are generally stable over tens
of minutes, during which they gradually expand in size, increasing their Rab5 content and
translocating from the periphery towards the cell centre. Rab5 maintains a dynamic
equilibrium on endosomal membranes throughout this phase, alternating between increments
upon homotypic fusion events and subsequent decrements by fission and solubilization.
Further, the endosomes constantly receive material from the plasma membrane: Recycling
cargo (transferrin) is continuously removed and channelled into the recycling pathway by the
budding of Rab4 tubules. These subsequently pass recycling cargo to Rab11-carriers in a
Figure 27
A: Model Rab-domain and Endosome Dynamics
B:  Hypothetical Domain Conversion Mechanism
Rab-X Rab-YEffectors X Effectors Y
Y-specific GEF,
Effector of X
X-specific GAP,
Effector of Y
RabX: "Upstream"- Rab RabY: "Downstream"-Rab
Figure 27: A: Model depicting the cycle of Rab-association with endosomal membranes. See 
text for detailed discussion. Grey tubules represent Rab4-positive exit carriers of recycling 
cargo. The transient colocalization between Rab5 and Rab7 during conversion is illustrated by 
cyan colouring. Light green arrows show recycling of dissociated Rab5 back onto peripheral 
endosomes. The bars at the bottom depict the dynamic processes occurring concomitantly with 
centripetal net translocation: Red: The gradual accumulation and concentration of LDL. Green: 
First the gradual accumulation of Rab5, followed by conversion to Rab7. B: Domain conversion 
could be achieved via trans-domain dynamics modulation between neighbouring Rab domains. 
1: The “upstream” Rab domain (Rab5) is established on the membrane and expands via positive 
feedback loops mediated by its effectors. 2: One of the Rab5-effectors recruited from the cytosol 
is a GEF for the downstream Rab (Rab7), which nucleates a Rab7-domain on the same 
membrane. 3: The Rab7-domain expands via positive feedback loops mediated by Rab7-
effectors. 4: One of the Rab7-effectors recruited from the cytosol is a Rab5-specific GAP. Such 
GAP-activity exerts strong negative feedback on the neighbouring Rab5-domain, culminating in 
complete disintegration of the Rab5-domain and thus conversion of the membrane from 
upstream- to downstream Rab. The individual feedback loops underlying the scheme are 
schematized above. 
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further budding event, which complete the recycling pathway by fusing back with the cell
surface. Degradative cargo (LDL), on the other hand, is retained within the lumen of Rab5-
positive endosomes and gradually accumulates. The high frequency of homotypic fusion
events observed at this stage causes further enrichment of degradative cargo by concentrating
it in few, but large structures. On these, Rab5 eventually becomes unstable and undergoes
catastrophe within 2-3 minutes. Catastrophe is an integral part of the functional cycle of early
endosomes, since it allows the recycling of Rab5 onto a "new" set of nascent endosomes in
the cell periphery.
It is likely that such recycling occurs via the cytoplasmic pool of Rab GDI-complexed
Rab5. However, the alternative possibility that small, undetectable vesicles mediate Rab5
catastrophe and coalesce once more into newly formed early endosomes, cannot completely
be ruled out at present. The rapid dimming reflecting Rab5-catastrophe in our image
sequences can temporarily be reversed by "rescue" fusion events, which transiently replenish
Rab5-levels on the membrane perimeter. Given that Rab5 is simultaneously required on both
membranes undergoing fusion (Barbieri et al., 1998; Rubino et al., 2000), once Rab5 levels
drop below a critical threshold required for homotypic fusion, the endosome is committed to
undergo conversion. Rab5-positive endosomes, which associate with converting structures at
this stage (Fig. 25B), can therefore no longer reverse the process. Since the concentration of
Rab5-GTP is rate-limiting for the membrane recruitment of its effector proteins
(Christoforidis et al., 1999a; McBride et al., 1999) and, consequently, the kinetics and extent
of endosome fusion events (Horiuchi et al., 1995; Rubino et al., 2000; Rybin et al., 1996),
Rab5 catastrophe would be expected to cut off the flow of newly endocytosed cargo into the
endosome. Such loss of accessibility constitutes the operational definition of egress from early
endosomes (Dunn and Maxfield, 1992). Concomitant with the loss of Rab5, Rab7 is recruited
onto the endosome, which completes the conversion process and thus the transition of cargo
from early- to late endosomes. By restricting conversion mostly to endosomes with high cargo
content, this mechanism ensures that a small number of actual transport events suffice to
achieve the required flux rates from early to late endosomes.
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VII.3.2: Integration of proposed conversion mechanism with the Literature
The model proposed here has the benefit of resolving a number of seemingly
contrasting observations in the literature. At steady state, early endosomes appear to be
relatively stable structures, consistent with previous proposals (Griffiths and Gruenberg,
1991). Throughout this time the endosomes likely maintain the capacity to fuse with clathrin-
coated vesicles delivering endocytosed cargo from the plasma-membrane (Horiuchi et al.,
1995; Woodman and Warren, 1991), although this process was not visualized directly in these
experiments. However, at any given time a small but significant fraction of endosomes
undergoes conversion (Murphy, 1991). It was also reported that endosomes labelled by a first
pulse of LDL relatively rapidly lose their accessibility to a second pulse of the tracer (Dunn
and Maxfield, 1992). The similar kinetics of Rab5-loss from converting structures now allow
these findings to be explained by the dissociation of Rab5 from endosomes, rather than by
budding events from stable early endosomes. Further, the long phase of LDL cargo
accumulation prior to conversion is likely reflected in the progressive density-shift of
endosomal fractions detected under similar conditions (Stoorvogel et al., 1991) and in the
30min-period of EGF-accumulation by individual endosomes (Futter et al., 1996). The
conversion mechanism here proposed can also be related to the endosomal carrier vesicles
(ECVs) described by Gruenberg et al. (Gruenberg et al., 1989). Although the original model
proposed their biogenesis by budding from early endosomes, these 400-800nm vesicles may
conceivably correspond to either the end product or an intermediate of Rab-domain
conversion, consistent with the absence of Rab5 on ECVs (Aniento et al., 1996). These live
cell imaging data have further demonstrated a high frequency of homotypic early endosome
fusion events, reflecting the existence of a dynamic functional network in the early endocytic
pathway, as previously proposed (Gruenberg et al., 1989). Finally, numerous fusion events
were observed between Rab5-negative/Rab7 positive/LDL-containing membranes, consistent
with the idea that late endosomes also form a dynamic network in vivo (Aniento et al., 1993;
Lebrand et al., 2002), which would be linked to the early endosomal network only via the
sparse one-way connections of conversion events, thus aiding the maintenance of molecular
membrane identity of early and late endosomes.
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VII.3.3: "Dynamic Instability" of Rab domains
In showing that Rab5 and, presumably, its assemblies of effectors incorporate the
potential for catastrophic disassembly, these results uncover an unexpected analogy between
Rab-domains and another GTP-dependent protein assembly in the cell: the tubulin
cytoskeleton. The GTP-cycle of tubulin monomers confers to the polymer the ability to
abruptly switch from the growing to the shrinking phase, i.e. to undergo catastrophe (reviewed
in Desai and Mitchison, 1997; Mitchison and Kirschner, 1984). Such "dynamic instability"
reconciles two seemingly conflicting properties: First, the assembly of mechanically stable
polymers based on high-affinity interactions and second, their propensity to undergo dynamic
remodelling on short time scales. Similarly the Rab5-domain on early endosomes:
Although Rab5 effectors are selectively and tightly recruited onto the membrane through
high-affinity interactions, the coupling to the GTP-free energy gradient maintains the
assembly in a metastable state, allowing for rapid and complete disassembly. Unlike
microtubules, which have in the GTPase activity of tubulin alone their inbuilt instability
(Mitchison and Kirschner, 1984), Rab5 does not form polymers itself and its GTPase cycle is
the product of a concerted regulation by various GEFs, GAPs and effectors (Zerial and
McBride, 2001). Nevertheless, as the GTP-bound state of tubulin promotes polymer growth,
effector recruitment by GTP-bound Rab5 results in their oligomerization into large multi-
protein complexes. (McBride et al., 1999). Further, Rab5 undergoes continuous cycles of
GDP/GTP exchange and GTP hydrolysis on the early endosome membrane, which
dynamically regulate the transition between assembly and disassembly of the multi-protein
complexes and thus control the kinetics and extent of endosome fusion events. Interestingly,
the activity of both Rab5 GEFs and GAPs is under dynamic control during growth factor
internalization (Lanzetti et al., 2004; Lanzetti et al., 2000; Tall et al., 2001), providing a
precedent for the idea that the nucleotide cycle of Rab5 can be changed  in response to
physiological stimuli.
Amongst the core machinery of membrane trafficking, their reversible membrane
association makes Rab-GTPases uniquely suitable to such dynamic mechanism: SNAREs, for
example, are integral membrane proteins. The complement of SNAREs can only be
remodelled by successive rounds of fusion and fission events, providing a rationale for their
much broader steady state distributions in comparison to Rabs. Interestingly, several lines of
evidence indicate Rab-mediated activation of SNAREs (Ungar and Hughson, 2003 and
references therein; Zerial and McBride, 2001). The activation of SNAREs within the context
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of a Rab domain would indirectly transfer the dynamic advantage of Rabs to SNAREs. Rab-
GTPases also indirectly control the local complement of other transmembrane poteins: By
determining the fusion specificity, the resident Rab-GTPase specifies the connections within
the cellular transport network, thereby determining the type of membrane proteins to be
delivered. As Rab-conversion re-connects the compartment within the cellular trafficking
network, remodelling of the resident transmembrane might result. Further, a large proportion
of peripheral membrane proteins may be under direct control of the resident Rab-GTPase, as
indicated by the astonishingly high number of identified Rab5-effectors (Christoforidis et al.,
1999a; Christoforidis et al., 1999b). Such proportion may be further increased by indirect
effectors, such as proteins recruited by Rab5-controlled PtdIns(3)P-levels. Overall, therefore,
the strategic position of Rab-GTPases in molecular membrane identity determination becomes
apparent: Exchange of the local Rab-protein alone could be sufficient to cause the exchange
of a by far greater number of compartment constituents, resulting in the conversion of
molecular compartment identity.
VII.3.4: Domain dynamics in the recycling pathway
Are the dynamic properties of the Rab5-domain exceptional or are such dynamics a
common property of Rab-domains in general? For instance, are the Rab4- and Rab11 domains
in the recycling pathway capable of similar dynamics? Cargo enters into the recycling
pathway by traversing from the Rab5- into the Rab4-domain. This process has been proposed
to occur by heterotypic fusion between a pre-existing Rab4-domain bearing vesicle and a
Rab5-positive early endosome, mediated by divalent Rab-effectors (Fig. 28, IA; de Renzis,
2002). The resulting domain-coexistence (Fig. 28, II) would allow cargo transfer into the
Rab4-domain. Transport would be completed by separating Rab5 and Rab4-domains again in
a fission event (Fig. 28, III). Such model assumes both stable Rab5 and Rab4-domains.
However, based on observations during the course of my thesis research, I favour an
alternative model: Accordingly, the domain coexistence intermediate (II) would not result
from a fusion event, but from the de novo-nucleation of a Rab4-domain on the Rab5-positive
endosome (IB). The Rab4-domain would subsequently expand its membrane territory, thereby
gathering recycling cargo and, eventually, detach in a fission event as above (III).
In support of such dynamic model are life cell sequences showing the frequent
budding of Rab4-tubules from expanding LDL-cores, whereas fusion of Rab4-vesicles with
IA: Trans-Domain Nucleation IB: Heterotypic Fusion
II: Domain Coexistence
Figure 28
III: Expansion and Fission
Figure 28: Model of Rab4-mediated recycling carrier formation. IA: A Heterotypic fusion event 
with a vesicle bearing a pre-existing Rab4-domain establishes a Rab4-domain (green) on an 
endosome colonized by Rab5 (red), resulting in the coexistence of the two Rab-domains on the 
same membrane (II). Alternatively, such Rab5/Rab4-domain coexistence could result from de 
novo-nucleation of a Rab4-domainn (IB), possibly by a Rab5-dependent Rab4-GEF (yellow 
square). III: The Rab4-domain expands into a tubular extension segregating recycling cargo. 
Recruited fission machinery (yellow ovals) eventually detaches a Rab-4 positive exit carrier. The 
Rab5-domain remains unaffected and can re-initiate exit carrier formation. 
Fission Machinery (eg., ARF)
Rab5-dependent Rab4-GEF
Tethering Complex/Divalent Rab-effector
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such structures is observed at a lower rate (data not shown). Such imbalance between
outgoing- and incoming Rab4 would indeed be strongly indicative of the de novo-nucleation
model, although quantifications are still in progress and the prior fusion of Rab4-vesicles
below the detection limit cannot be excluded. In comparison to cargo exchange between pre-
existing vesicles and such de novo-nucleation mechanism, what could be the advantage of the
latter? The efficiency of cargo loading of the transport carrier could be the primary feature:
Whereas in de novo-nucleation cargo would be incorporated during the assembly process, a
pre-existing carrier vesicle could only be loaded via cargo diffusing across the area of contact
with the donor compartment. Such process could be less efficient, especially a) in the likely
case that carrier and donor compartment are connected via a limited fusion pore to conserve
their compartment identity; b) if the transport carrier is of a tubular/saccular shape, as
commonly observed in intracellular transport reactions (see introduction).
As the Rab4-domain might be nucleated de novo, is it also able to undergo catastrophe? It is
unlikely that the Rab4/Rab11 transition involves Rab4-catastrophe, as Rab4-Rab11 fission
events have been observed (Sonnichsen et al., 2000). Therefore, cargo transfer between Rab4
and Rab11 domains likely occurs by one of the two mechanisms cartooned in Fig. 28.
Differentiating between them will be a challenging topic for further experiments, as
numerous, highly motile Rab11-vesicles greatly deter tracking efforts. However, one
interesting, though purely speculative possibility, would be Rab4-catastrophe as part of the
shiga toxin transport pathway to the Golgi-apparatus (see above): Analogous to Rab5-
domains on early endosomes, Rab4-domains could progressively accumulate cargo destined
for the Golgi-apparatus by continuous, Rab11-mediated depletion of recycling cargo. The
eventual cargo transfer to Golgi membranes could involve Rab4-catastrophe, either as part of
a Rab-conversion mechanism with a Golgi-resident Rab-GTPase, or, alternatively, by direct
fusion with the Golgi-apparatus and subsequent domain disassembly thereon.
Interestingly, the rapid dissipation of the Rab11-signal following fusion of Rab11-
carriers with the plasma membrane can be considered as Rab-domain catastrophe: The Rab11-
mediated molecular identity of the transport vesicle is erased by disassembly of the Rab11
domain upon integration of the vesicle into the plasma membrane. In any case, such loss of
membrane-associated Rab11 in fusion events requires continuous counterbalancing membrane
recruitment. Whether this process is accomplished by de novo-Rab11-domain assembly
within the membrane territory of another Rab-GTPase or instead by continuous expansion and
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budding from pre-existing Rab11-domains (for example, the perinuclear recycling endosome),
remains to be determined. Jointly, however, the above examples strongly suggest that Rab-
domain dynamics in general are a common feature of transport reactions.
VII.3.5: Molecular Mechanisms of Rab-conversion: Trans-domain dynamics
modulation
Consequently, the most interesting questions arising from this thesis work revolve
around the molecular modulation of Rab-domain dynamics: How are domains suddenly
destabilised or assembled de novo? By which principles are the domain dynamics of
successive Rab-GTPases coordinated to allow vectorial cargo transport? As the Rab-GTPase
cycle ultimately drives Rab-domain dynamics, modulation thereof in trans between
neighbouring Rab-domains could provide an elegant mechanistic link between both questions
(Fig. 27B). Conversion, for example, could be achieved by two primary principles (Fig. 29-
IA, -II, -III):
1:  A Rab7-GEF recruited as effectors of Rab5 could mediate the initial de novo-
assembly of a Rab7-domain on a Rab5-positive endosome about to undergo
conversion (IA).
2:  Second, once the Rab7- and Rab5-domains coexist on the membrane (II), a Rab5-
GAP could be recruited as effector of Rab7. Such molecule could result in the
progressive and quantitative extraction of Rab5 from the membrane, thus
completing conversion (III).
Interestingly, the effort of cataloguing the Rab5-domain constituents has provided a
number of candidate molecules for such mechanism: First, a candidate-GEF for the
conversion-dependent nucleation of Rab7 is the HOPS complex, comprising a Rab7-GEF
activity (Wurmser et al., 2000). Recent work by Dr. Eric Ghigo in the Zerial-lab has shown
the Rab5-dependent recruitment of HOPS onto early endosomes (E. Ghigo, unpublished),
consistent with the Rab5-dependent Rab7-GEF activity required by step IA. Second, three
putative GAPs have been sequenced from the Rab5 column, which are currently under
investigation as candidate Rab7-controled Rab5-GAPs in early to late endosomal transport
(step III).
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However, a further Rab7 nucleation-mechanism, bringing about Rab5/Rab7 domain
coexistence (II), could involve the fusion of a pre-existing Rab7-positive vesicle with a Rab5-
positive endosomes (Fig. 29, 1B). In A431-cells, Rab7 positive membranes are predominantly
localized in the cell centre (see Fig. 26A). Thus, the fusion event between Rab5 and Rab7-
positive structures would occur predominantly here, particularly under the low efficiency of
such heterotypic fusion reaction (Aniento et al., 1993). The rate of centripetal translocation of
endosomes from the periphery to the centre would therefore act as timer mechanism for the
onset of conversion. Especially if integrated with decreased Rab5 levels as necessary
precondition for such fusion events, such model would have several attractive features:
1.: Occurrence of conversion would be predominantly limited to the cell centre, in
agreement with the imaging data.
2.: A mechanistic basis for the puzzling requirement of microtubules in this transport
step would be provided (Aniento et al., 1993; Gruenberg et al., 1989).
3.: The Rab5-mediated balance between plus- and minus end directed endosome
motility (Nielsen et al., 1999) as timer of conversion could allow cell-type and cell
state specific regulation of transport rates between early and late endosomes.
4.: Recent data by S. Hoepfner indicates that the artificial localization of Rab5-positive
endosomes to the cell periphery blocks EGF-transport, whereas the converse effect
is seen when endosomes are accumulated in the cell centre (S. Hoepfner,
submitted). Such location dependence would be consistent with the proposed
heterotypic fusion model.
A further important complex of questions concerns the mechanisms by which
conversion is triggered. Given the importance of cargo concentration in transport by domain
conversion, it is likely that cargo plays a primary role in triggering the conversion process.
Direct cross-talk between cargo molecules and the Rab5-machinery could be envisaged, as
exemplified by the feedback EGF-receptor exerts on the Rab5-GTPase cycle (Lanzetti et al.,
2000). Alternatively, conversion might be an intrinsic consequence of Rab5 systems
dynamics, occurring independently of an external signal. It should be possible to differentiate
between the two models by utilizing both, the identification and functional characterization of
molecular conversion mediators and, in addition, quantitative imaging and mathematical
modelling.
Figure 29: Model of Rab5/Rab7 domain conversion. IA: De novo-nucleation via a Rab5-
dependent Rab7-GEF (yellow square), establishes a Rab7-domain (green) on an endosome 
colonized by Rab5 (red), resulting in the coexistence of the two Rab-domains on the same 
membrane (II; see Fig. 27). Alternatively, such Rab5/Rab7 domain coexistence could result 
from a heterotypic fusion event with a Rab7-positive vesicle (IB, see text for detailed 
discussion). III: Negative feedback between the Rab7- and Rab5-domain (yellow rectangular 
shape: Rab7-dependent Rab5-GAP; see Fig. 27) leads to quantitative extraction of Rab5 and 
complete colonization of the membrane surface by Rab7, thus completing transport between 
early- and late endosomes. Transport by conversion is an all-or nothing mechanism, as the 
initiating upstream Rab-domain (Rab5 in this example) is disassembled in the process. 
IA: Trans-Domain Nucleation IB: Heterotypic Fusion
II: Domain Coexistence
                 III: Conversion
Rab5-dependent Rab7-GEF
Rab7-dependent Rab5-GAP
Tethering Complex/Divalent Rab-effector
Figure 29
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VII.3.6: Trans-domain dynamics modulation in recycling carrier formation
As in the Rab5/Rab7 conversion, the modulation of domain dynamics in trans
provides a compelling concept for the coordination between Rab5- and Rab4-domains in the
proposed de novo-nucleation/fission mechanism for the generation of recycling carriers. De
novo-nucleation of Rab4-domains could be mediated by a Rab5-dependent Rab4-GEF (Fig.
28, IB). The generation of recycling carriers by such mechanism would further require the
recruitment of "scission" machinery by the Rab4-domain, to mediate the separation from the
Rab5-domain. An interesting concept in this respect could be the recruitment of motors into
the Rab5-domain, but static cytoskeletal attachment factors into the Rab4-domain. Such
asymmetric distribution of "motility modules" would a) likely be sufficient for fission by
pulling apart the two domains and b) facilitate the formation of tubular exit carriers, which is
difficult to imagine without the input of mechanical force. Consistently, Rab5, via PtdIns(3)P,
directly recruits the motor Kif16b (S. Hoepfner, submitted) and controls also additional motor
proteins (Nielsen et al., 1999). Rab4, on the other hand, appears to inhibit the movement of
early endosomes (Bananis et al., 2003). The fission step between Rab4 and Rab11 domains,
on the other hand, likely involves either Arf1 or Arf3 (Shin et al., 2004), which would be
consistent with the requirement for AP-1/clathrin machineries in in vitro-reconstituted
recycling carrier budding (Pagano et al., 2004).
Irrespective of the particular fission machinery used, the "upstream" Rab domain
would likely remain intact in the process. Thus, domain separation by fission allows the
repeated removal of transport carriers from a compartment, as required in sorting of recycling-
from degradative cargo. Conversion, on the other hand, is a one-time only transport
mechanism, as the uptream compartment is "consumed" in the process. Conversion is
therefore particularly useful at junctions between pathways with differing flux rates, as in
early to late endosomal trafficking. Further, Rab-conversion provides a mechanistic basis for
the trafficking of cargo too large to be included in transport vesicles, for example
phagocytosed bacteria or the secretory transport of large collagen fibrils (Leblond, 1989).
Thus, the dynamic properties of Rab-domains uncovered in this study allow for a range of
mechanistically different transport modes between adjacent Rab-domains.
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VII.3.7: Trans-domain dynamics modulation: A general coordinating principle of
trafficking pathways?
Interestingly, several examples in the literature point towards the importance of trans-
domain dynamics modulation beyond the pathways considered above. For example, a
precedent to trans-domain nucleation is provided by a proposed Rab cascade in S. cerevisiae:
Here, the Golgi-resident Rab11 orthologues Ypt31/32, recruit as effector a GEF for the Rab-
GTPase Sec4, which mediates the fusion of Golgi-derived transport vesicles with the plasma
membrane (Ortiz et al., 2002; Wang and Ferro-Novick, 2002). Similarly, the interaction
between GGA1 and Rabaptin/Rabex (Miller et al., 2003; Nogi et al., 2002), could be
envisaged to lead to the nucleation of Rab5 on TGN-derived vesicles bound for endosomes.
Potential trans-acting GAPs can also be identified: GAPCenA is a particularly good candidate
herefore, as its interaction with Rab11 shown in this study would place an established Rab6-
GAP (Cuif et al., 1999) under the control of Rab11 (Fig. 10). Such mechanism could well be
related to Golgi-endosome and/or endosome-Golgi trafficking across the Rab6/Rab11 domain
interface (Mallard et al., 2002; Wilcke et al., 2000). Similarly, a Rab3-GAP-binding protein
has been sequenced amongst the Rab5-effectors (Zerial lab, unpublished), which could
conceivably function in exocytosis/endocytosis coupling. Overall therefore, as the here
described Rab-domain dynamics allow for widely applicable transport mechanisms, the
modulation of domain dynamics in trans could provide a general principle for the
organization and coordination of membrane trafficking pathways at the molecular level.
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VII.4: Conclusion and Outlook
Overall, this thesis research has provided four important insights: First, the Rab5-
association with individual endosomes is highly dynamic in the short term, resulting in
strongly fluctuating amounts of membrane-associated Rab5 molecules. Second, in the long
term, Rab-machineries can be acquired and/or lost from membranes. Third, such acquisition
and loss of Rab-domains is likely a common principle in transport reactions along the
endocytic pathway. Fourth, modulation of Rab-domain dynamics in trans provides a testable
hypothesis towards a mechanistic understanding of membrane trafficking pathways in general.
The identification of proteins responsible for domain dynamics and modulation thereof
is the immediate experimental objective resulting from this thesis research. Understanding
their spatio-temporal regulation in subsequent experiments could be expected to significantly
advance our mechanistic understanding of cargo transport along the endocytic membrane
trafficking pathway. Importantly, such molecules can be expected to be found amongst the
complement of Rab-effectors, further underscoring the central nature of the Rab domain
concept. A further important area for future research will be a systems biology analysis of
transport processes along the endocytic pathway, which has now become feasible as a result
of the imaging and analysis methodologies established during the course of this research
project. Such analysis promises significant novel insights into the actual mechanisms of cell
biological processes, as already indicated by the present study.
Conceptually, however, the demonstration of Rab-domain dynamics comprises the core
of my thesis research: Rab-domains are modules of molecular membrane identity. Thus, their
propensity to be established and subsequently removed from membranes implies that
molecular membrane identity itself is not fixed, but subject to dynamic remodelling. "How
can molecular membrane identity be maintained in face of the equalising tendencies of high
flux rates between compartments?" Membrane identity does not have to be maintained
against-, but can rather change along with the flow of cargo. Molecular membrane identity
thereby becomes literally a fluid property, depending on the local degree of overlap between
multiple, broadly distributed identity clues. Such system based on multiple necessary, yet
alone insufficient membrane identity cues circumvents the paradoxes which would otherwise
result from the compartment-specific targeting of necessary and sufficient identity cues
themselves. On the other hand, however, such system necessarily becomes self-referential in
the (broad) targeting of its multiple identity cues. Thus, molecular membrane identity and
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especially the establishment thereof will, in all likelihood, not be explainable in form of linear
pathways. The quest for the origins of molecular membrane identity will therefore sooner or
later transgress from the cell biological level to the realm of mathematical systems analysis.
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VIII. Materials and Methods
VIII.1.1: Cells and Cell Culture
HeLa-cell were grown in MEM + 10% (vol/vol) foetal calf serum (FCS), 2 mM
L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin (all tissue culture reagents from
Invitrogen unless otherwise stated) under 5% CO2 in a humidified atmosphere. A431wild type
and -derived cell lines were maintained in high-glucose DMEM (5 mg/l), supplemented as
above. The growth medium of the GFP-Rab5, -Rab4 and -Rab11 stable cell lines was further
supplemented with 500 µg/ml Neomycin (G418). All three cell lines have been described
previously (Sonnichsen et al., 2000). The GFP-Rab7/mRFP-Rab5 double stable cell line was
grown in the single stable cell line medium as described above plus 0.5 µg/ml puromycin. For
life cell imaging, cells were directly plated onto 30 mm-diametre cover slips in 6 well plates
and imaged 36-48 h after plating. 12 mm diameter coverslips were used for
immunofluorescence experiments with HeLa cells, utilizing 24 well plates for culture and
transfection. All cell lines were passaged by briefly incubating with trypsin-EDTA at 37ºC,
neutralization with normal growth medium, limited tituration and direct transfer into new
culture dishes thereafter.
VIII.1.2: Transient transfections
HeLa-cells: Effectene (Quiagen) was utilized for HeLa-cells. The Effectene: DNA ratio
was optimized, giving best results at 10 _l Effectene/1 µg of DNA. 0.2 _g DNA were used per
well of a 24 well plate, 5 _g for transfections of 10 cm dishes. When transfecting more than
one construct, the total amount of DNA was always maintained as stated above.
A431-cells: Lipofectamine2000 (Invitrogen) was used; optimal results were obtained at a µg
DNA/µl Lipofectamine2000 ratio of 1:1. 2 _g DNA were utilized/well of a 6 well plate. Prior
to transfection, the normal growth medium was exchanged to OPTI-MEM (Invitrogen). Cells
were incubated with transfection complexes for 3 h, washed and normal growth medium was
added back.
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VIII.1.3: Construction of mRFP-Rab5/GFP-Rab7 double stable cell line
A 10 cm culture dish of a previously established A431 cell line stably expressing canine
Rab7 fused to GFP (M. De Bernard) was transfected with mRFP-Rab5a in pIRES-Puro3.
After 24 h, the cells were passaged and distributed over two 15 cm culture dishes. Selection
medium containing 0.5 _g/ml puromycin and 0.5 mg/ml G418 was added 24 h thereafter.
Individual clones were picked after 2 weeks and characterized by fluorescence microscopy.
VIII.1.4: RNAi-interference
RNAi knock-down of RUL was carried out with the following siRNA-duplex:
RULs5’: UGUAUCAGGAGCAACUCCATT
and RULas5’ UGGAGUUGCUCCUGAUACATT.
Annealed duplexes were purchased from Proligo and transfected into HeLa-cells with
Oligofectamine (Invitrogen) according to the manufacturer’s recommendations. 600 ng of
RNA-duplex were used per well of a 24 well plate, 3 µg per 3 cm dish. Phenotypes were
analyzed 48- to 60 h post transfection.
VIII.1.5: Immunofluorescence
Coverslip-grown cells were fixed in 4% (mass/vol) paraformaldehyde in PBS for
15 min. After 2 PBS-washes, coverslips were blocked in 10% FCS in PBS for 10 min.
Thereafter, coverslips were inverted on a drop of 30 _l of the appropriate 1º antibody dilution
in 5% (vol/vol) FCS in PBS and incubated for 30 – 60 min. Following three 5 min-washes,
coverslips were incubated with the appropriate mixtures of 2º antibodies as described above.
Following three more 5 min-PBS washes, coverslips were mounted on glass slides by
inverting them onto a 3 _l drop of mowiol.
VIII.1.6: Cloning
VIII.1.6.1: Routine DNA-handling and cloning
PCR: Polymerase chain reactions were carried out according to standard procedures.
Nucleotide concentrations were generally 200 µM each, primers were utilized at 0.2 µM.
PFU-polymerase (Stratagene) was used for amplification purposes, TAQ polymerase
(produced in-house) was utilized for screening applications. Agarose gel-electrophoresis of
82
DNA was carried out according to standard procedures. DNA-fragments were purified using
the Quiagen gel-isolation kit. Restriction digests were carried out according to the enzyme
manufacturer’s recommendations (NEB). Ligations were mostly carried out using the Rapid-
Ligase kit (Promega). Large-Scale DNA-preps were carried out using Quiagen Maxiprep kits.
VIII.1.6.2: Cloning of RUL and RUL-DNA constructs
The peptide (ILTSLAEVA) resulting from mass spectrometry sequencing of RUL was
contained in an EST (sequence data available from NCBI under accession no. AI130909). The
complete sequencing of this EST allowed the identification of three other peptides
(VLEHLSQQE, QNEDLR, DTAQILLLR), which were also contained in the RUL protein.
Using primers derived from the 5' end of this EST, the entire coding region of the RUL
protein was isolated by screening the SUPERSCRIPT HeLa cDNA library (Life technologies)
according to the manufacturer’s instructions. The integrity of the open reading frame was
verified by sequencing. For sub-cloning of the RUL-cDNA, EcoRI and NotI sites were added
to the 5'- or 3'-end by a PCR-approach, and the resulting product was cloned into pCDNA3
MycN1(Invitrogen) for mammalian expression and pGEX-6p-1(Amersham Biosciences) for
the production of recombinant protein. The C833A-mutation was subsequently introduced
using the QuickChange mutagenesis kit (Stratagene). The dHECT-construct was generated by
cutting the RUL ORF at the endogenous EcoRV-site and cloning the resulting N-terminal
fragment into pCDNA3.1 or pGEX-6p-1 for antigen-preparation, respectively.
VIII.1.6.3: Rab-GTPase DNA constructs
GFP-Rab7 was constructed by PCR-amplification of human Rab7 cDNA and the open
reading frame was cloned into the BglII/EcoRI-sites of the pGEX-6p-1 vector. mRFP-Rab5
was constructed by first substituting the EGFP-ORF in pEGFP-C3 with an mRFP-cassette.
hRab5a was cloned into the resulting vector using the Hind III/Pst I sites (M. Matyash). All
constructs were confirmed by sequencing. mRFP-Rab5 was further cloned into the
Age1/BamHI-sites of pIRES-Puro3 (BD Biosciences), after liberating the mRFP-Rab5
cassette from the above construct with the same enzymes.
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VIII.1.6.4: Miscellaneous DNA constructs
GAPCenA was cloned by RT-PCR: Total RNA was isolated from 6x106 HeLa cells,
utilizing the RNEasy kit (Quiagen) according to the manufacturer's instructions. RNA was
eluted in ddH2O and stored at -80°C. The 5’- and 3’- halfs of GAPCenA were amplified
separately, using the SuperscriptIII one-step RT-PCR kit (Invitrogen). RT-PCR reactions were
supplemented with 4% DMSO and 1.2 mM additional MgCl2. 1 µg of the above total HeLa-
RNA served as template. The two products were cloned and sequenced utilizing the TOPO-II
kit (Invitrogen). Full length-GAPCenA was thereafter assembled and cloned into the
BamHI/NotI sites of pCDNA3 HAN1. SNX6.5 was PCR-amplified from an EST
(IMAGE:4815203) and cloned into the BamHI/EcoRI sites of pCDNA3 HA-N1. The
truncated cDNA of KIAA0701 was obtained from the KIAA-consortium and the missing 5'-
end was added from an EST (IMAGp998L129720). The truncated cDNA of KIAA1468 was
obtained from the KIAA-consortium and the missing 5'-end was added from an EST
(DKFZp686K2155). Full-length cDNA of Dynactin-1 was obtained as EST
(DKFZp686I0746). Full-length KIAA0842 cDNA was obtained from the KIAA-consortium.
Full-length KIAA0041 was also obtained from the KIAA-consortium as full-length cDNA:
However, it differs from Centaurin β2 in three amino acid position close to the amino
terminus.
VIII.1.7: Antibodies and Fluorescent Conjugates
RUL-antiserum was raised by injecting a recombinant RUL fragment (amino acids 1-
350) into Rabbits. All animal-handling was carried out by Eurogentec. The antiserum was
subsequently purified over antigen immobilized on sulfo-link beads (Pierce). Goat anti-
TGN46 was from Serotec, mouse anti-GM130 from BD Biosciences. Rabbit polyclonal anti-
cathepsin D was from DakoCytomation. Anti-Eps15 antiserum was a gift of Dr. Di Fiore
(European Institute of Oncology, Milan, Italy). Endogenous EEA1 was visualized with Anti-
EEA1 MAB (BD Biosciences). Mouse Anti-GFP was from Santa Cruz Biotechnology. The
HA-epitope was detected either with 3F10 rat monoclonal (western blotting; Roche
Diagnostics); or with F7 mouse monoclonal (immunofluorescence; Santa Cruz
Biotechnologies).
Fluorochrome labelled secondary antibodies were from Molecular Probes, HRP-conjugated
secondary antibodies were purchased from Dianova. Fluorescently labelled transferrin was
obtained from Molecular Probes.
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VIII.1.8: Recombinant Protein Production
Protein Expression was carried out in E. coli BL21. Over night cultures in LB
supplemented with the appropriate antibiotics were diluted 1:100 into fresh LB + antibiotics.
Cultures were incubated at 37°C under constant agitation until optical density readings at 600
nm reached 0.6-0.8. Thereafter, cultures were put on ice for 15 min. Protein expression was
induced by adding IPTG (Isopropyl Thiogalactoside) to 1 mM final and cultures were
incubated at 20°C thereafter under constant shaking. Bacteria were harvested after 5 h,
pelleted by centrifugation and snap-frozen in liquid nitrogen.
Lysis: Bacterial pellets were thawed and resuspended in ice-cold lysis buffer (Rab-GTPases:
PBS, 2 mM MgCl2, 100 µM GDP, protease inhibitor cocktail, 1 mM DTT; all other proteins:
As above, but with 1 mM EDTA and no GDP, no MgCl2). The suspensions were pressure-
lysed in a pre-cooled Emulsiflex system (Avestin), clarified by ultra-centrifugation (one hour
at 35 000 rpm) and incubated with appropriate amounts of glutathione-beads (Amersham
Pharmacia) according to the manufacturer’s recommendations. Beads were washed with 100
bead volumes of lysis buffer. Recombinant proteins were cleaved off the GST-tag by
incubation with PreScission protease (produced in house) or factor Xa-protease (NEB).
Protease-digests were invariably carried out at 4°C. Factor Xa digests were stopped by the
addition of protease inhibitor cocktail. Where required, the supernatant of digest reactions was
applied to Nap-10 or Nap-5 gel filtration columns (Pharmacia) pre-equilibrated with the
appropriate buffer. Recombinant RUL-constructs and recombinant Rab-GTPases were
aliquoted and snap-frozen in 50 mM NaCl, 20 mM Tris-HCl, pH 7.4, 3 mM MgCl2. Aliquots
were stored at -80°C.
VIII.1.8.1: VSV-G Adenovirus-infection
HeLa-cells growing on 12 mm coverslips in 3 cm culture dishes were washed once
with PBS. Recombinant adenovirus (generous gift of Dr. Aki Manninen) in glycerol-storage
buffer was diluted with pre-warmed Opti-MEM and 0.5 ml of the dilution was applied to the
culture dishes. Virus infection was allowed to proceed for two hours at 37ºC. Thereafter, the
cells were briefly washed, complete growth medium was added and the cells were incubated
at 39.5ºC for 6- 8 h. Thereafter, the culture dishes were put on ice for two minutes and
transferred into a 31ºC-incubator. Single coverslips were removed after appropriate chase
intervals, fixed and analyzed by immunofluorescence.
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VIII.1.9: Cathepsin D secretion assay
The experimental procedures were adapted from Davidson (Davidson, 1995). 3 cm
dishes of HeLa cells pre-treated with anti-RUL siRNA or mock-transfected for 60 h prior to
the experiment were pulse-labeled with 1 mCi/ml  EasyTag Express35S/35S protein labeling
mix (Perkin-Elmer) in Hank's buffered salt solution (HBS, Gibco BRL) for 15 min at 37°C.
The labeling solution was aspirated and replaced with 0.5 ml of pre-warmed complete growth
medium supplemented with 25 mM HEPES, pH 7.25 and containing 5 mM mannose-6
phosphate (Sigma). After suitable chase intervals, the dishes were put on ice, the culture
supernatant was collected (sup) and cells were lysed for 10 min in 0.5 ml of ice-cold lysis
buffer (50mM Tris-HCl, pH7.5, 150 mM NaCl, 1 mM EDTA, 1% (vol/vol) Triton X-100,
proteinase inhibitor cocktail). Both lysate and sup. were clarified by spinning 15 min at top
speed in a (cooled) table-top centrifuge. Thereafter, samples were pre-cleared by incubation
with 10 µl of protein A-agarose matrix (Roche Diagnostics) for 1h at 4ºC. 6 µl of anti-
cathepsin D rabbit polyclonal antibody were added to sup.- and lysate samples and incubated
at 4°C over night. Complexes were precipitated by adding 20 µl of protein A-agarose and
incubating for 2 h. The beads were washed 3x with RIPA-buffer (50mM Tris-HCl, pH7.5, 150
mM NaCl, 1 mM EDTA, 1% (mass/vol) sodium deoxycholate, 0.1% (mass/vol) sodium
dodecyl sulfate (SDS), 1% (vol/vol) Triton X-100, protease inhibitor cocktail) and eluted with
SDS-PAGE buffer. Samples were run out on a 7-15% gradient gel and the dried gel was
imaged with a phosphor-imager system.
VIII.1.10: In vitro -Thioester formation assay
Biotinylated ubiquitin, Rabbit Ubiquitin activating enzyme E1 and recombinant human
UbcH7 were purchased from Biotrend. Reactions were carried out in 50 mM NaCl, 20 mM
Tris-HCl, pH 7.4, 3 mM MgCl2, 19 µM biotin-ubiquitin. Mg-ATP was added to 2.5 mM final
concentration, E1 to 50 nM, E2 to 200 nM and recombinant RUL to 600 nM. Reactions were
incubated at 30°C for 10 min and quenched with SDS-PAGE sample buffer with/without
DTT. Samples were run out on 10% acrylamide gels, transferred onto nitrocellulose
membranes and biotin-ubiquitin adducts were visualized with HRP-streptavidin (Amersham
Pharmacia Biotech).  In order to assay the E3-ligase activity of RUL towards potential
substrates, reactions were carried out exactly as above, except: Non-biotinylated ubiquitin was
used (Sigma) and recombinant putative substrates were added to a final concentration of
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2 µM.
VIII.1.11: In vivo-Ubiquitination
These procedures are adapted from Treier et al. (Treier et al., 1994). The assay was
performed with 10 cm dishes of HeLa cells cotransfected with 6x HisUb and GFP-Rabs. 24 h
post transfection, dishes were washed once with PBS. Thereafter, dishes were put on ice and
lysed by the addition of 2 ml of ice-cold guanidinium-hydrochloride lysis buffer (6 M
guanidinium hydrochloride (molecular biology grade, Amersham), 100 mM Na-phosphate
buffer, pH 8.0, 1% Triton X-100 (vol/vol), 5 mM imidazole) for 5 min. Lysates were collected
and centrifuged 20 min at 80 000 rpm at 4ºC. The supernatant was transferred to 2.5 ml
micro-spin columns (BIO-RAD Laboratories) and all subsequent manipulations were carried
out therein. 60 µl of a 1:1 slurry of pre-equilibrated Ni-agarose beads (Quiagen) were added to
clarified lysates and incubated for 3 h at room temperature on a rotator. Ni-agarose beads
were washed by allowing the following succession of washes to drain through the columns:
1x 1.5 ml pH 8.0 lysis buffer, 1x 1.5 ml pH6.3 lysis buffer,
1x 1.5 ml pH 8.0 lysis buffer, 1x 1.5 ml pH8.0 lysis buffer/wash buffer as 1:1 mix, 2x 1.5 ml
wash buffer (300 mM NaCl, 50 mM Na-phosphate buffer, pH 8.0,
0.5% (vol/vol) Triton X-100). After the last wash, the samples were spun dry in a table top
centrifuge and bound proteins were eluted by applying 60 µl of SDS-PAGE sample buffer
supplemented with 50 mM EDTA. Eluates were analyzed by SDS-PAGE and western
blotting.
VIII.1.12: RUL yeast two-hybrid screen
The MATCHMAKER Gal4 Two-Hybrid System 3 (Clontech) was used according to
the manufacturer’s recommendations. Briefly, the bait construct was assembled by cloning the
RUL-C833A cDNA into pGBKT7 and transformed into the AH109-strain. Lack of auto-
activation was confirmed by lack of growth on –Ade/-His/-Trp/-Leu-plates, western blotting
of urea-SDS lysates confirmed bait expression and transformants further showed no growth
defects in –Trp/-Leu liquid cultures relative to pGBK-T7 transformed AH109. The screen was
carried out by mating the bait strain with an adult human brain library, pre-transformed into
the Y187-strain. Mating procedure: 50 ml over night cultures of both the prey strain and the
library strain were harvested by centrifugation and jointly re-suspended in 50 ml of 2x YPDA.
The mating culture was transferred into a 2.5 l Sternbach flask and mating was allowed to
proceed for 24 h at 30ºC under 40 rpm.
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Screen: The mating culture was recovered and suspended in 10 ml of YPD. 200 µl thereof
were subsequently spread on a 15 cm diameter –Ade/-His/-Leu/-Trp plate. 25 plates were
utilized in total. Plates were incubated for 14 days at 30ºC.
Bait characterization: The largest colonies were picked and transferred onto master plates.
Filter-lift β-Gal assays were carried out according to the supplied protocol to identify the
strongest transactivating colonies. The 200 strongest transactivators were analyzed further by
inoculating 3 ml –His/-Leu/-Trp-SD and growing them for 16 h at 30ºC. Cultures were
pelleted and liquid β-Gal assays were performed on the culture supernatants according to the
manual. The culture pellets were subjected to alkaline lysis and plasmid isolation according to
the supplied protocol. The bait-inserts were amplified in PCR-reactions using the above
plasmid preparations as template, analyzed by agarose gel-electrophoresis, extracted from gel-
slices and sequenced directly.
VIII.1.13: Rab-GTPase Affinity Chromatography
Rab-Affinity Chromatography was carried out essentially as described (Christoforidis,
2000). Briefly, 1 ml of glutathione-beads saturated with recombinant GST-Rab11 or GST-
Rab4 were loaded with GTPγS or GDP as negative interaction control. Loading was carried
out in exchange buffer (buffer A, 20 mM HEPES, pH 7.5, 100 mM sodium chloride, 10 mM
EDTA, 5 mM magnesium chloride, 1 mM DTT and 250 µM Nucleotide (GTPγS or GDP)
according to the following protocol: Three 10 min incubations at room temperature and under
rotation were carried out, each incubation step being preceded by a column wash with buffer
A + 25 µM nucleotide. After the third such cycle, Buffer A was drained and the respective
nucleotide loading state was stabilized by 2 column washes with buffer B, containing 20 mM
HEPES, pH 7.5, 100 mM sodium chloride, 5 mM magnesium chloride, 1 mM DTT and 250
µM nucleotide. Beads were then incubated for 120 min at 4 °C with bovine- or pig brain
cytosol prepared as before (Christoforidis, 2000). Subsequently, beads were washed 3 times
with ten column volumes each of buffer B containing 10 µM nucleotide, one time with ten
column volumes of buffer B containing 250 mM sodium chloride (final concentration) and 10
µM nucleotide. Bound proteins were eluted by a 20 min incubation with 1.5 column volumes
of buffer C, containing 20 mM HEPES, 1.5 M sodium chloride, 20 mM EDTA, 1 mM DTT
and 5 mM GDP at pH 7.5. Elution was carried out at room temperature and under rotation.
Eluates were run out on 5-17% gradient gels and analyzed by Coomassie-staining.
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VIII.1.14: GST-Rab pull-down assays with in vitro-transcribed-translated protein:
cDNAs were in vitro- transcribed/translated in the presence of 35S-methionine,
utilizing the TnT coupled reticulocyte transcription-translation kit (Promega). Translation
reactions were frozen at -20° until use. Nucleotide-loading of immobilized GST-Rab proteins
was carried out as described above, except that Buffer B was supplemented with 10 mg/ml
Bovine Serum Albumin (BSA). 20 µl of nucleotide-loaded beads were incubated with 500 µl
Buffer B + BSA and 10 µl of the in vitro-transcription-translation reaction for 90 min. The
incubation was performed on a rotator in a 4°C room. Thereafter, beads were sedimented by
spinning for 1 min at 3000 rpm in a table-top centrifuge and the supernatant was aspirated.
Beads were washed 3 times with 1 ml of ice-cold buffer B + BSA. Thereafter, two more
washes with ice-cold buffer B + BSA + NaCl to 300 mM final were carried out. Beads were
eluted by boiling directly in SDS-PAGE sample buffer. Eluates were analyzed by SDS-PAGE
and subsequent auto-radiography.
VIII.1.15: Mass spectrometry sequencing of Rab11-interactors
Protein bands were excised from gels and subjected to trypsin digestion. The resultant
peptide mixtures were sequenced using nanoelectrospray tandem mass spectrometry (Wilm et
al., 1996). All mass spectrometry sequencing was carried out by an in-house facility.
VIII.1.16: Isolation and fluorescent labelling of LDL
LDL was isolated from human plasma according to procedures adapted from Vieira et
al. (Vieira et al., 1996). Briefly, frozen human plasma (Red Cross blood bank) was thawed in
a 37°C water bath and 0.22 g of KBr/ml of serum were dissolved therein. 40 ml of KBr-serum
were transferred into a Ti45 ultra-centrifuge tube and overlayed with de-gassed LDL-PBS
(25 mM Na-phosphate buffer, pH 7.4, 110 mM NaCl, 1 mM EDTA), taking care to fill the
tubes completely. Samples were centrifuged at 40 000 rpm for 5 h. LDL collected in a heavily
light-scattering band about 1 cm above the yellow bottom fraction and was carefully removed
with a 1 ml pipette. The LDL-fraction was further concentrated using a 100 000 MW- spin
column (Vivascience). Concentrated LDL was supplemented with 5 mM ascorbic acid and
10% (mass/vol) sucrose, aliquoted and snap-frozen in liquid nitrogen. Aliquots were stored at
-80°C. Labelling was carried out in delipidated FCS (gift of M. Suchanek), supplemented with
5 mM ascorbic acid and 1 mM EDTA. 120 µl of 2.5 mg/ml DMSO-stock solution of DiI (1,1'-
dioctadecyl-3,3,3',3'- tetramethylindocarbocyanine perchlorate) or DiD (1,1'-dioctadecyl-
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3,3,3',3'- tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt), both from Molecular
Probes, were gradually added to 6 mg purified LDL in a total volume of 15 ml and incubated
for 16 h at 37°C under gentle agitation and in the dark. The density of the labelling reaction
was subsequently adjusted with KBr (see above) and labelled LDL was re-purified and frozen
according to the aforementioned centrifugation procedures.
VIII.1.17: Imaging and image analysis
VIII.1.18: Fixed cell imaging
Coverslips with stained cells were mounted in mowiol. Imaging was carried out on an
inverted LSM510 scanning confocal microscope (Carl Zeiss; Jena, Germany), using a 63x oil
Apo-Chromat objective. Fixed cell images were generally acquired as 12 Bit 1024/1024
image frames, at pin hole settings yielding 0.8 µM-optical sections in all channels. Post-
acquisition image processing was carried out with Adobe Photoshop.
VIII.1.18.1: TIRF-imaging
Cells were seeded on 30 mm diametre high-refractive index coverslips (gift of Dr.
Mannstein, MPI Heidelberg) 36 h prior to analysis. Coverslips were mounted in open self-
made chambers and culture medium containing 25 mM HEPES (pH 7.25) was added on top
of the cells. Imaging was carried out on an inverted Olympus IX70 microscope, equipped with
a 100x 1.65NA-objective (Olympus) and a climate control box covering the set-up. The
TIRF-set-up was based on an in-house adaptation of a Till Photonics TIRF-condensor (Till
Photonics) and Image sequences were recorded with a 12-Bit Till Imago CCD-camera,
allowing acquisition rates of approximately 2 frames/sec. Image acquisition was controlled
using TillVision software (Till Photonics). For imaging the effects of Brefeldin A (BFA),
cells were first pre-incubated for 15 min in normal growth medium + 10 µM BFA (Sigma)
and subsequently mounted and imaged in the same medium.
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VIII.1.18.2: Fast 4D-life cell imaging
30 mm-coverslips with attached cells were mounted in normal growth medium in a
closed chamber with internal temperature control and two perfusion ports (Harvard Apparatus
GmbH). All imaging was carried out at 37°C on an inverted LSM510 scanning confocal
microscope (Carl Zeiss), equipped with a heated 40x/1.2W C-Apochromat objective and a
piezzo-driven Z-stage. Life cell sequences were generally acquired as 12Bit 512/300 pixel
image frames, using 3 Airy unit pinhole settings and bi-directional scanning at speeds 12 or
13. Usually four Z-planes were acquired per time point and cells were continuously imaged
over 30-60 min. Laser excitation was always kept to the absolute minimum. The two channels
in GFP-DiI double colour sequences were acquired quasi-simultaneously using a multitrack
protocol with "switch between lines" under bidirectional scanning at speed 12. In the three
channel acquisition protocol, the GFP and DiD-channels were acquired simultaneously. The
mRFP-channel was acquired thereafter, utilizing scan speeds 7 or 8. A complete 3 colour/1 Z-
plane frame was acquired every 4.6 sec. For LDL-uptake experiments, cells were mounted in
normal growth medium supplemented with 50 µg/ml fluorescent LDL. Imaging was initiated
after about 10 min of pre-incubation at 37°C. For joint LDL and transferrin uptake
experiments, cells were mounted in serum-free growth medium supplemented with 30 µg/ml
fluorescent LDL and 3 µg/ml fluorescent transferrin.
Z-stacks were collapsed with the Maximum-Projection option within the LSM-510-
software and exported as 16Bit TIF-sequences for further analysis.  The radius resolution limit
was determined by acquiring 4D-image sequences (single channel acquisition protocol) of
170 nm green fluorescent beads (Molecular Probes) streaming through a chamber. The
sequences were maximum projected and analyzed by Motiontracking II. The peak of the
radius distribution of fitted structures was taken as the resolution limit under the experimental
conditions.
VIII.1.18.3: Image Analysis
All image processing and –analysis was carried out with the in house-developed
program Motiontracking II.
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VIII.1.18.4: Image fitting  
Following background subtraction by windowed floating mean, fluorescent structures 
in the images were modeled by:  
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where iA - intensity of i-th particle 
ii yx , - i-th particle’s center coordinates 
ii hw , - width of i-th particle by two perpendicular dimensions 
iα - angle between main axes of i-th particle and the axes X/Y of image 
),( ii yxB - residue of background in the vicinity of i-th particle 
 
Fitted structures were subtracted from the image and the procedure was repeated 
iteratively until the residual image was devoid of structures exceeding two standard deviations 
of the average noise level. The residue after fitting was generally below 10% (data not 
shown). Subsequently, partially overlapping peaks were either combined or treated separately, 
depending on the ratio between peak height and local minimum position between adjacent 
peaks. Typically, this threshold was set to 50%, representing a good compromise between 
accurately modeling morphologically complex structures and following individual endosomes 
in close spatial proximity. The fitting procedure generated particle sets with known position, 
cross-sectional area and total fluorescence. All further statistical calculations were carried out 
on these data sets. Fitting of image sequences was carried out in parallel on 8 dual processor-
unit PCs. 
 
VIII.1.18.5: Particle Tracking 
The track assignment algorithm was developed as generalization of the Hungarian 
algorithm, essentially overcoming the use greedy algorithm for score calculation. Four 
consecutive image frames were assigned in our case and track breaks were also incorporated 
as assignment possibility to account for the dynamic appearance and disappearance of 
particles in the image sequences. Track assignments were made on basis of the weighted sum 
of scores for position, speed, cross-sectional area, maximum intensity, total particle 
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fluorescence and termination penalty. The score was calculated by
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according to (Verestoy et al., 1999). The score value of the termination penalty and the 
relative weights of other scores were chosen ad hoc by comparing the results of automated- 
and manual tracking. 
 
VIII.1.18.6: Fluorescence calibration of experimental set-up  
GFP-tagged Rotavirus-like particles, each bearing 120 molecules of GFP, were 
utilized as calibration standards (Charpilienne et al., 2001; Dundr et al., 2002). GFP-Rab5 
expressing A431 cells were imaged under typical life cell imaging conditions and fixed on 
stage by perfusion of fixative into the imaging chamber. Following antibody-labelling of 
endogenous EEA1, the cells were mounted and a drop of virus particle solution was added to 
a peripheral region of the cover slip. Both, fields of virus particles and the cell previously 
featured in the life cell recording, were subsequently imaged under exactly the same confocal 
scanning conditions (40x/1.3 Oil Plan-Neofluar objective, scan speed 5, averaging 2, pinhole 
1). Following image fitting, the total fluorescence distribution of ~18000 virus particles was 
determined. The main peak was assigned to one virus particle, thus demarcating the emission 
of 120 molecules of GFP. The fixed cell image was directly calibrated using this value. 
Calibration was extended to life cell imaging conditions by first computationally aligning the 
fixed cell image with the last frame of the life cell sequence and subsequently scaling the 
fluorescence signal by the average total fluorescence ratio of all colocalized particles 
(colocalization of endosomal structures in life cell- versus fixed cell images was typically 
above 90%). The percentage of GFP-Rab5 structures also bearing EEA1 was determined via 
alignment of the last life-cell sequence frame with the corresponding EEA1-fixed cell image 
frame.  
 
VIII.1.18.7: Net flow analysis  
The image frame was divided up into square cells. In every cell the flow was 
calculated as sum ii vIF ⋅=∑ , where Ii – the integral intensity of i-th particle and vi – the 
speed of i-th particle. The summation included all particle tracks of the image sequences.  
 
93
VIII.1.18.8: Numerical simulation of radius measurement errors 
The point spread function (PSF) of the confocal microscope in the focal plane is given 
by: 
2
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α - Lens aperture, 
1λ - Excitation wavelength 
2λ - Fluorescence emission wavelength 
Both 1λ and 2λ were assigned to 500 nm for reasons of simplicity. Endosomes were 
simulated as fluorescent spheres with a shell thickness of 5 nm and “real” radius values 
ranging from 10 nm to 1500 nm.  Sets of simulated endosome images were convoluted with 
the PSF.  Subsequently, apparent endosome radii were determined (taken at the 10% level of 
signal intensity in the centre of the structure). 
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IX. PhD-Publications
Some of the results presented in this dissertation will appear in the following
publications:
1: Jochen Rink, Yannis Kalaidzidis and Marino Zerial: Rab-Conversion as Mechanism of
Transport between Early- and Late Endosomes. Under Revision.
2:  Jochen Rink*, Stefano De Renzis* and Marino Zerial: RUL, a novel Rab11/Rab4-
interacting ubiquitin ligase, functions in Golgi- to Endosome trafficking. In preparation.
*Co-authorship
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X. Abbreviations
AP-1: Adaptor Protein-1
Arf: ADP- Ribosylation Factor
BFA: Brefeldin A
CCV: Clathrin Coated Vesicles
COP: Coatomer coat protein
DiD: 1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine, 4-
chlorobenzenesulfonate
DiI: 1,1'-dioctadecyl-3,3,3',3'- tetramethylindocarbocyanine perchlorate
DMEM: Dulbecco’s modified Eagle’s medium
DMSO: Dimethylsulfoxide
DTT: Dithiothreitol
ECV: Endosomal carrier vesicle
EDTA: Ethylenedioxy-diethylene-dinitrilo-tetraacetic acid
EGF: Epidermal growth factor
Eps15: Epidermal growth factor protein substrate 15
ER: Endoplasmic Reticulum
FCS: Foetal calf serum
FYVE: Fab1p, YOTB, Vac1p, and EEA1
GAP: GTPase activating protein
GDI: GDP-dissociation inhibitor
GDP: Guanine-nucleotide-diphosphate
GEF: Guanine nucleotide Exchange factor
GFP: Green Fluorescent Protein
GGA: Golgi-localized, γ-ear-containing, Arf-binding
GTP: Guanine-nucleotide-triphosphate
HEPES: N-(2-Hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid)
Hrs: Hepatocyte growth factor regulated substrate
LDL: Low Density Lipoprotein
MEM: Modified Eagle’s medium
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MTOC: Microtubule organizing centre
MVB: Multivesicular body
MW: Molecular weight
NA: Numerical aperture
NSF: N-ethylmaleimide-sensitive factor
PAGE: Polyacrylamide gel electrophoresis
PBS: Phosphate-Buffered Saline
PCR: Polymerase chain reaction
PDGF: Platelet-derived growth factor
PIK: Phosphatidyl-Inositol Kinase
PtdIns: Phosphatidyl-Inositol
PtdInsP: Phosphatidyl-Inositol Phosphate
Rab: Rat Brain
RT-PCR: Reverse template polymerase chain reaction
SDS: Sodium dodecyl sulfate
SNARE: Soluble NSF-attachment factor receptor
Sorting Nexin: SNX
TF: Transferrin
TGN: Trans-Golgi Network
TIRF: Total Internal Reflection
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